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Abstract
The present techniques of research are not sufficient for detailed studying of the physics of
detonation and shock-wave processes in the condensed matter. Thus, occurrence of the new
techniques, allowing a direct experimental research by using synchrotron radiations (SR), represents
significant interest.
In this work the new method of remote research of detonation and shock-wave processes  with
usage of SR is offered and realized. The description of experimental installation on which the first
experiments on measurement of density and small-angle x-ray scattering (SAXS) are carried out at a
detonation of the condensed explosives is given.
The high time and spatial resolution of offered techniques allows to determine character and the
mechanism of regress of the condensed phase, and also dynamics of growth new, including crystal
formations in detonation currents. The possibilities  of a new technique are described.
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>ey bamq_gby k\hckl\ dhg^_gkbjh\Zgguo kbkl_f ijb \ukhdbo
^Z\e_gbyo \ rbjhdhf ^bZiZahg_ baf_g_gby l_fi_jZlmj mki_rgh ijbf_gyxl
^bgZfbq_kdb_ f_lh^u dhlhju_ iha\heyxl ihemqZlv \_s_kl\Z \
g_h[oh^bfhf khklhygbb [_a ijbf_g_gby keh`guo mkljhckl\ ^ey
klZlbq_kdh]h gZ]jm`_gby b klZpbhgZjgh]h gZ]j_\Z GZb[he__ ijhklh
hkms_kl\blv wdki_jbf_glu \ dhlhjuo bkke_^m_fh_ \_s_kl\h k`bfZxl \
kbevghc m^Zjghc \heg_ M< Ijh\_^_gu bkke_^h\Zgby \ dhlhjuo ^Z\e_gb_
aZ njhglhf M< ^hklb]Zeh g_kdhevdbo fbeebhgh\ Zlfhkn_j < ^bZiZahg_
^Z\e_gbc ^h ⋅

Zlfhkn_j khhl\_lkl\mxsZy \hegZ fh`_l [ulv \ha[m`^_gZ
^_lhgZpb_c fhsguo dhg^_gkbjh\Zgguo \aju\qZluo \_s_kl\
Ijhkl_cr__ h^ghf_jgh_ l_q_gb_ k m^Zjghc \heghc ^_ebl h[eZklv
k\h_]h jZkijhkljZg_gby iehkdhc ih\_joghklvx jZaju\Z gZ ^\_ qZklb \
dZ`^hc ba dhlhjuo \hegu g_ij_ju\gu ?keb jZaju\ ^\b`_lky k ihklhygghc
kdhjhklvx D ih ihdhys_cky kj_^_ k iehlghklvx ρ  V b ^Z\e_gb_f P lh
iehlghklv ρ  V b ^Z\e_gb_ P aZ njhglhf \hegu \hajZklZxl b fZkkh\Zy
kdhjhklv ^\b`_gby kj_^u U klZgh\blky hlebqghc hl gmey b gZijZ\e_gZ \
lm `_ klhjhgm qlh b D A^_kv V b V ± m^_evgu_ h[t_fu khhl\_lkl\_ggh ^h
b ihke_ kbevgh]h jZaju\Z >ey lh]h qlh[u knhjfbjh\Zlv lZdh_ l_q_gb_
gm`_g g_ij_ju\guc ih^\h^ wg_j]bb ba \g_ dhlhjuc ^he`_g ih^^_j`b\Zlv
u ihklhygguf G_h[oh^bfu_ mkeh\by [m^ml h[_ki_q_gu _keb aZ njhglhf
M< k wlhc kdhjhklvx [m^_l ^\b]Zlvky g_ijhgbpZ_fuc ihjr_gv
Khhlghr_gby f_`^m iZjZf_ljZfb \heg ^h b ihke_ jZaju\Z gZoh^yl
k ihfhsvx aZdhgh\ khojZg_gby fZkku bfimevkZ b wg_j]bb ijb i_j_oh^_
q_j_a ih\_joghklv jZaju\Z Wlb aZ\bkbfhklb ^ey kbevghc M< \ dhlhjhc
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A^_kv ε ± m^_evgZy \gmlj_ggyy wg_j]by \_s_kl\Z dhlhjZy ^ey l\_j^uo
l_e khklhbl ba mijm]hc b l_ieh\hc khklZ\eyxsbo
Bkdexqb\ ba mjZ\g_gbc   b  kdhjhklv U  ihemqbf mjZ\g_gb_
m^Zjghc Z^bZ[Zlu beb Z^bZ[Zlu =x]hgbh
ε ε
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?keb kha^Zlv \ \_s_kl\_ V b ε dhlhjh]h hq_\b^gh ba\_klgu
h^ghf_jgmx m^Zjgmx \hegm b aZf_jblv __ dbg_fZlbq_kdb_ oZjZdl_jbklbdb
D b U lh ih nhjfmeZf  b  fh`gh gZclb P b V Z aZl_f k ihfhsvx
mjZ\g_gby Z^bZ[Zlu \uqbkeblv m^_evgmx \gmlj_ggxx wg_j]bx k`Zlh]h
\_s_kl\Z <hegh\Zy kdhjhklv D baf_jy_lky kjZ\gbl_evgh ijhklh H^gZdh
baf_j_gb_ fZkkh\hc kdhjhklb lj_[m_l bkihevah\Zgby ^hklZlhqgh keh`guo
wdki_jbf_glZevguo f_lh^bd >@ < gZklhys__ \j_fy g_ kms_kl\m_l lZd `_
gZ^_`guo f_lh^bd dhlhju_ [u iha\heyeb baf_jblv l_fi_jZlmjm k`Zlh]h
\_s_kl\Z b lZdbf h[jZahf mklZgh\blv ^heb l_ieh\hc b mijm]hc
khklZ\eyxsbo Djhf_ lh]h \k_ baf_j_gby ih deZkkbq_kdbf f_lh^bdZf
fh`gh ijh\h^blv lhevdh \ klZpbhgZjguo \hegZo
>ey nhjfbjh\Zgby m^Zjguo \heg \ dhg^_gkbjh\Zgguo kj_^Zo
gZb[he__ qZklh bkihevamxl ^_lhgZpbx dhg^_gkbjh\Zgguo \aju\qZluo
\_s_kl\ << Wlhl ki_pbnbq_kdbc ijhp_kk gZb[he__ klZ[be_g \
obfbq_kdbo kh_^bg_gbyo \ dhlhjuo ]hjxq__ b hdbkebl_ev i_j_f_rZgu gZ
fhe_dmeyjghf mjh\g_ ijbq_f \ j_amevlZl_ obfbq_kdhc j_Zdpbb jZaeh`_gby
Z aZl_f b ]hj_gby lZdh]h khklZ\Z h[jZamxlky [hevrh_ dhebq_kl\h
]Zahh[jZaguo ijh^mdlh\ DZehjbcghklv lbibqguo << g_ \_ebdZ b
dhe_[e_lky \ ij_^_eZo  ±  F>`d] h^gZdh jZa\b\Z_fZy ijb bo ^_lhgZpbb
fhsghklv hq_gv agZqbl_evgZFZdjhdbg_lbdZ obfbq_kdh]h ij_\jZs_gby <<






H[S  A^_kv k ± dhgklZglZ kdhjhklb obfbq_kdhc
 
j_Zdpbb Z ± ij_^wdkihg_gpbZevguc fgh`bl_ev E ± wg_j]by Zdlb\Zpbb R ±
]Zah\Zy ihklhyggZy T ± l_fi_jZlmjZ
>ey wlZehggh]h << − ljhlbeZ E   ddZefhev Z   <ukhdh_
agZq_gb_ E ^_eZ_l << mklhcqb\uf ijb ghjfZevguo l_fi_jZlmjZo \ lh
\j_fy dZd ]b]ZglkdZy \_ebqbgZ Z h[_ki_qb\Z_l _]h klj_fbl_evgh_
jZaeh`_gb_ ijb l_fi_jZlmj_ °C b \ur_ :gZeh]bqgh \_^ml k_[y ^jm]b_
<< H^gZdh kha^Zgb_ \ukhdhl_fi_jZlmjgh]h hqZ]Z gZ ]jZgbp_ beb \gmljb
<< ijb\h^bl d \hagbdgh\_gbx ]hj_gby kdhjhklv dhlhjh]h g_ ij_\urZ_l
g_kdhevdbo fbeebf_ljh\ \ k_dmg^m < dhg_qghf blh]_ aZ wlh hl\_lkl\_ggu
^bgZfbdZ jZah]j_\Z hij_^_ey_fZy ba\_klgufb mjZ\g_gbyfb l_iehijh\h^
ghklb  \ khhl\_lkl\b_ k dhlhjufb jZkijhkljZg_gb_ oZjZdl_jghc
l_fi_jZlmju ih dhhj^bgZl_ hij_^_ey_lky ≈ t  b nZah\u_ i_j_oh^u
ijhbkoh^ysb_ k j_Z]bjmxsbf \_s_kl\hf
GZjy^m k wlbf mjZ\g_gb_ khklhygby bkoh^gh]h << ijh^mdlh\ _]h
jZaeh`_gby Z lZd `_ ijb\_^_ggZy \ur_ dbg_lbdZ hij_^_eyxl \hafh`ghklv
j_ZebaZpbb bgh]h ]Zah^bgZfbq_kdh]h f_oZgbafZ jZkijhkljZg_gby
jZah]j_\Z ± aZ kq_l k`Zlby \ \heg_ dhlhjZy fh`_l [ulv lhevdh m^Zjghc <
lZdhf ijhp_kk_ \_s_kl\h k`bfZ_lky aZ g_kdhevdh gZghk_dmg^ \h njhgl_ M<
aZ kq_l k`Zlby kbevgh jZah]j_\Z_lky b aZl_f [ukljh j_Z]bjm_l h[jZamy
[hevrh_ dhebq_kl\h ]Zahh[jZaguo ijh^mdlh\ ?keb ^bZf_lj aZjy^Z
gZklhevdh \_ebd qlh l_q_gb_ fh`gh kqblZlv h^ghf_jguf lh aZ m^Zjghc
\heghc aZimkdZxs_c obfbq_kdmx j_Zdpbx kijZ\_^eb\u khhlghr_gby  b
 Z \ ijZ\mx qZklv mjZ\g_gby  ^he`gZ [ulv ^h[Z\e_gZ obfbq_kdZy
wg_j]by \_ebqbgZ dhlhjhc aZ\bkbl hl jZkklhygby hl njhglZ kbevgh]h
jZaju\Z LZdmx Z^bZ[Zlm gZau\Zxl ^_lhgZpbhgghc beb Z^bZ[Zlhc
ijh^mdlh\ \aju\Z =b^jh^bgZfbq_kdZy l_hjby ^_lhgZpbb [ZabjmxsZyky gZ
\k_ l_o `_ aZdhgZo khojZg_gby mkeh\bb klZpbhgZjghklb \hegu b \_ebqbgu
ij_^_evgh]h wg_j]h\\h^Z aZ kq_l obfbq_kdhc j_Zdpbb iha\hey_l hij_^_eblv
ij_^_evgmx lhqdm beb iehkdhklv aZ njhglhf M< \ dhlhjhc wlh
wg_j]h\u^_e_gb_ aZ\_jrZ_lky Wlm lhqdm gZau\Zxl lhqdhc iehkdhklvx
Q_if_gZ@m]_ KljmdlmjZ ^_lhgZpbhggh]h l_q_gby lZdh\Z qlh \hegu
jZa]jmadb \ ijh^mdlZo ^_lhgZpbb aZ iehkdhklvx Q_if_gZ@m]_ g_ fh]ml
ijhclb aZ wlm iehkdhklv b ihwlhfm g_ fh]ml hdZaZlv \ebygby gZ kdhjhklv
jZkijhkljZg_gby kbevgh]h jZaju\Z LZdbf h[jZahf ahgZ obfbq_kdhc
j_Zdpbb f_`^m jZaju\hf b iehkdhklvx Q_if_gZ@m]_ y\ey_lky l_f kZfuf
ihjrg_f dhlhjuc h[_ki_qb\Z_l ihklhyggmx kdhjhklv ^\b`_gby kbevgh]h
jZaju\Z ijb ^_lhgZpbb
GZ jbk  ijb\_^_gZ P ± V ^bZ]jZffZ m^Zjghc Z^bZ[Zlu bkoh^gh]h










= ρ  
Wlh agZqbl qlh \_ebqbgZ D hij_^_ey_lky gZdehghf ijyfhc
kh_^bgyxs_c lhqdm khhl\_lkl\mxsmx bkoh^ghfm khklhygbx << k lhqdhc
khhl\_lkl\mxs_c hdhgqZgbx j_Zdpbb \aju\qZlh]h ij_\jZs_gby WlZ
ijyfZy gZau\Z_lky ebgb_c Jwe_y DeZkkbq_kdZy ^_lhgZpby ih Q_if_gm@m]_
ij_^klZ\ey_l kh[hc kemqZc dh]^Z wlZ ebgby dZkZ_lky m^Zjghc Z^bZ[Zlu
ijh^mdlh\ \aju\Z K ^jm]hc klhjhgu dZkZl_evgZy d m^Zjghc Z^bZ[Zl_ _klv
f_klgZy kdhjhklv a\mdZ K \ ijh^mdlZo \aju\Z KlZpbhgZjgZy ^_lhgZpby
\hafh`gZ _keb \ iehkdhklb Q_if_gZ@m]_ \uihegy_lky mkeh\b_ D  U 
C ]^_ U ± fZkkh\Zy kdhjhklv ijh^mdlh\ \aju\Z >Z\e_gb_ \ wlhc iehkdhklb
P kms_kl\_ggh f_gvr_ q_f ^Z\e_gb_ P ± aZ njhglhf m^Zjghc \hegu \
bkoh^ghf <<
Jbk  PV ^bZ]jZffZ njhglZ ^_lhgZpbhgghc \hegu ih Q_if_gm@m]_
< gZklhys__ \j_fy ^hklZlhqgh ohjhrh bamq_gu k\hckl\Z
]Zahh[jZaguo ijh^mdlh\ jZae_lZxsboky aZ iehkdhklvx Q_if_gZ@m]_
BgnhjfZpby h ijhp_kkZo \ ahg_ j_Zdpbb djZcg_ h]jZgbq_gZ ij_`^_ \k_]h
baaZ fZeuo jZaf_jh\ wlhc ahgu   ff \ukhdhc kdhjhklb ijhl_dZgby
hij_^_eyxsbo ijhp_kkh\   fdk b ij_^_evghc Z]j_kkb\ghklb kj_^u <
lh `_ \j_fy \ wlhc h[eZklb jZa\hjZqb\Zxlky kh[ulby ijh\_klb dhlhju_ \
 
bguo mkeh\byo h[uqgh g_ ij_^klZ\ey_lky \hafh`guf LZdh\ufb y\eyxlky
obfbq_kdb_ ij_\jZs_gby ijb \ukhdbo ^Z\e_gbyo b l_fi_jZlmjZo nZah\u_
i_j_oh^u b ^j GZ[hj kms_kl\mxsbo baf_jbl_evguo f_lh^bd \_kvfZ
h]jZgbq_g b \ gZklhys__ \j_fy g_ iha\hey_l ijh\_klb [he__ ^_lZevgh_
bkke_^h\Zgb_ wlhc ahgu
J_gl]_gh\kdh_ baemq_gb_ bkihevamxl ^ey bkke_^h\Zgby \aju\guo
ijhp_kkh\ c  ] >@ \ hkgh\ghf ^ey nbdkZpbb iheh`_gby iehlguo kj_^
dmfmeylb\guo kljmc hkdhedh\ Ij_^ijbgbfZebkv ihiuldb baf_j_gby
jZkij_^_e_gby iehlghklb ih ih]ehs_gbx baemq_gby \ \_s_kl\_ k
jZaj_r_gb_f ih \j_f_gb ihjy^dZ  fdk Wlhfm f_lh^m baf_j_gby
khimlkl\h\ZeZ gbadZy lhqghklv b g_m^h[kl\h ihevah\Zgby < ^jm]hc h[eZklb
nbabdb j_gl]_gh\kdbo emq_c ± kljmdlmjghf ZgZeba_ ± bfimevkgZy l_ogbdZ
lZd`_ g_ gZreZ ijbf_g_gby baaZ fZehc bgl_gkb\ghklb b gbadh]h dZq_kl\Z
iZjZf_ljh\ baemq_gby j_gl]_gh\kdbo ZiiZjZlh\ >@
Bkihevah\Zgb_ KB iha\hey_l ih gh\hfm j_rblv wlm aZ^Zqm [eZ]h^Zjy
khq_lZgbx mgbdZevguo k\hckl\ KB dZd bklhqgbdZ j_gl]_gh\kdh]h
baemq_gby
Z \ukhdZy bgl_gkb\ghklv ihlhdZ ≈±nhlhgh\k
[ rbjhdbc ki_dljZevguc bgl_j\Ze wg_j]by  ±  dw<
\ fZeZy m]eh\Zy jZkoh^bfhklv α  ± ± ± jZ^
] \ukhdZy i_jbh^bqghklv \h \j_f_gb i_jbh^bqghklv  ±  gk
^ fZeh_ \j_fy wdkihabpbb f_gvr_  gk
_ [hevrZy kl_i_gv iheyjbaZpbb
?s_ h^gbf nZdlhjhf ih\eby\rbf gZ ijh\_^_gb_ wlbo bkke_^h\Zgbc
y\ey_lky \ukhdh_ dZq_kl\h kha^Zgghc we_dljhgghc ZiiZjZlmju
h[_ki_qb\Zxs_c j_]bkljZpbx j_gl]_gh\kdh]h baemq_gby \ gZghk_dmg^ghf
^bZiZahg_ \j_f_gb
Ijb iZ^_gbb baemq_gby gZ h[t_dl bkke_^h\Zgby jbk qZklv
baemq_gby ih]ehsZ_lky kZfbf \_s_kl\hf Ijhoh^ysbc [_a hldehg_gby emq
bf__l gZb[hevrmx bgl_gkb\ghklv b g_k_l bgnhjfZpbx h[ baf_g_gbb
iehlghklb \_s_kl\Z Emqb hldehgy_fu_ gZ fZeuc m]he g_kml bgnhjfZpbx
h nemdlmZpbb iehlghklb \ ahg_ j_]bkljZpbb Bo bgl_gkb\ghklv m`_ gZ
g_kdhevdh ihjy^dh\ gb`_ B gZdhg_p lj_lbc lbi emq_c ± ^bnjZ]bjh\Zggh_
baemq_gb_  bf__l _s_ [he__ gbadmx bgl_gkb\ghklv b g_k_l bgnhjfZpbx h
iZjZf_ljZo i_jbh^bq_kdbo kljmdlmj \ \_s_kl\_
Jbk 
< ^Zgghc jZ[hl_ ijb\h^ylky wdki_jbf_glZevgu_ bkke_^h\Zgby
ijhoh^ysbo emq_c b emq_c hldehgy_fuo gZ fZeuc m]he fZehm]eh\h_
j_gl]_gh\kdh_ jZkk_ygb_ ± FMJJ FZehm]eh\h_ jZkk_ygb_ \hagbdZ_l
lhevdh ijb h[jZah\Zgbb \ ahg_ j_]bkljZpbb agZqbl_evguo nemdlmZpbc
iehlghklb dhlhju_ \ m]e_jh^hkh^_j`Zsbo << fh]ml [ulv k\yaZgu k
kbgl_ahf mevljZ^bki_jkguo ZefZah\ M>: Ihke_^gbc ijhp_kk ^hklZlhqgh
bgl_gkb\gh bamqZeky b \ ebl_jZlmj_ kh^_j`blky agZqbl_evgZy bgnhjfZpby h
iZjZf_ljZo kbgl_aZ ihemq_ggZy \ hkgh\ghf gZ hkgh\_ bkke_^h\Zgbc
khojZgzgguo \h \aju\guo dZf_jZo dhg_qguo ijh^mdlh\ >@
IZjZf_ljukbgojhljhggh]hbaemq_gby
Hkgh\gufb iZjZf_ljZfb gZdhibl_evgh]h dhevpZ y\eyxlky jZ^bmk
hj[blu ^\b`_gby we_dljhgh\ 5 dZd ijZ\beh khklZ\ey_l  ±  f wg_j]by
we_dljhgh\ (  ±  =w< gZijy`_gghklv fZ]gblghc bg^mdpbb \ ih\hjhlguo
fZ]gblZo %  ±  L b bo qbkeh Z lZd`_ we_dljhgguc lhd ,  ±  f:
>ey djm]h\hc hj[blu wlb iZjZf_lju k\yaZgu f_`^m kh[hc khhlghr_gbyfb
5  (H% ]^_ H ± aZjy^ we_dljhgZ
, H1
H
kpiR  , ]^_ F ± kdhjhklv k\_lZ Z 1H ± qbkeh we_dljhgh\ \ imqd_
KlZ[bevghklv we_dljhggh]h imqdZ \ dhevp_ hibku\Z_lky \j_f_g_f
`bagb ± \j_f_g_f aZ dhlhjh_ we_dljhgguc lhd mf_gvrZ_lky \ a jZa
<j_fy `bagb we_dljhggh]h imqdZ \ i_j\mx hq_j_^v aZ\bkbl hl dZq_kl\Z
\ZdmmfZ \ dZgZe_ b fh`_l khklZ\eylv hl g_kdhevdbo qZkh\ ^h g_kdhevdbo
^_kyldh\ qZkh\ \j_fy `bagb hij_^_ey_l gZkdhevdh qZklh g_h[oh^bfh
ijhba\h^blv i_j_gZdhie_gb_ we_dljhgh\ \ dZgZe_ dhevpZ ^ey ih^^_j`Zgby
KB ^hklZlhqghc bgl_gkb\ghklb
IZjZf_lju gZdhibl_evgh]h dhevpZ aZ^Zxl oZjZdl_jbklbdb
\ujZ[Zlu\Z_fh]h kbgojhljhggh]h baemq_gby Ki_dljZevguc khklZ\ KB
 
ijbgylh hibku\Zlv djblbq_kdhc ^ebghc \hegu λdj HgZ \u[bjZ_lky lZdbf
h[jZahf qlh ihegZy wg_j]by KB baemqZ_fZy bklhqgbdhf gZ \k_o ^ebgZo
\heg [hevrbo λdj jZ\gZ wg_j]bb baemqZ_fhc gZ f_gvrbo ^ebgZo \heg
JZaf_jgu_ oZjZdl_jbklbdb bklhqgbdZ KB hij_^_eyxlky \_ebqbghc
gZau\Z_fhc wfbllZgkhf jZ\ghc ijhba\_^_gbx ebg_cgh]h jZaf_jZ
baemqZxs_c h[eZklb we_dljhggh]h imqdZ gZ m]he jZkoh^bfhklb imqdZ KB
Lbibqgu_ agZq_gby \_jlbdZevgh]h b ]hjbahglZevgh]h wfbllZgkZ










Bgl_gkb\ghklv KB oZjZdl_jbam_lky yjdhklvx hij_^_ey_fhc dZd qbkeh
nhlhgh\ \ ^bZiZahg_ wg_j]bc nhlhgh\ >W hl (N ^h (N  ∆(N h[uqgh
\u[bjZ_lky ∆(N   hl (N lZd gZau\Z_fuc  >W bkimkdZ_fuo aZ 
k_dmg^m hlg_k_ggh_ d _^bgbp_ iehsZ^b ih\_joghklb bkimkdZxs_c h[eZklb
b _^bgbp_ l_e_kgh]h m]eZ jZkoh^bfhklb nhlhggh]h imqdZ LZdbf h[jZahf





qZklh bkihevam_fufb oZjZdl_jbklbdZfb bgl_gkb\ghklb bklhqgbdZ KB
y\eyxlky ki_dljZevguc ihlhd jZ\guc yjdhklb mfgh`_gghc gZ
]hjbahglZevguc b \_jlbdZevguc wfbllZgk Z lZd`_ iheguc nhlhgguc ihlhd
ihemqZ_fuc bgl_]jbjh\Zgb_f ki_dljZevgh]h ihlhdZ ih \k_f bkimkdZ_fuf
^ebgZf \heg
IhegZy fhsghklv : baemqZ_fZy we_dljhgguf imqdhf aZ h[hjhl ih
hj[bl_ b djblbq_kdZy ^ebgZ \hegu λdj hij_^_eyxlky wg_j]b_c we_dljhgh\ \
imqd_ we_dljhgguf lhdhf b jZ^bmkhf hj[blu
: a ,γ5 ]^_ γ ± ehj_gpnZdlhj we_dljhgZ γ (PF P ± fZkkZ ihdhy
we_dljhgZ Z λdj pi5γ
>ey ]_g_jZpbb KB gZ kms_kl\mxsbo gZdhibl_eyo we_dljhgh\
bkihevamxlky ki_pbZevgu_ mkljhckl\Z g_ y\eyxsb_ky h[yaZl_evgufb
we_f_glZfb gZdhibl_evgh]h dhevpZ gh iha\heyxsb_ ihemqZlv KB k
oZjZdl_jbklbdZfb gZijZ\e_ggh fh^bnbpbjh\Zggufb ih kjZ\g_gbx k
baemq_gb_f ba ih\hjhlgh]h fZ]gblZ Hkgh\gufb lbiZfb lZdbo mkljhckl\
y\eyxlky hg^meylhju b \b]]e_ju af_cdb Hg^meylhj ij_^klZ\ey_l kh[hc
kbkl_fm ihklhygguo fZ]gblh\ k j_]meyjgh q_j_^mxsbfbky ihexkZfb
^\b`_gb_ we_dljhgh\ \ lZdbo mkljhckl\Zo fh`_l jZkkfZljb\Zlvky dZd
hkpbeeypbb hlghkbl_evgh bkoh^ghc ijyfhebg_cghc ljZ_dlhjbb
Bkihevah\Zgb_ hg^meylhjh\ iha\hey_l ih\ukblv yjdhklv bklhqgbdZ gZ
 ihjy^dZ Z lZd`_ mf_gvrblv jZaf_ju imqdZ l_ mf_gvrblv wfbllZgk
Djhf_ lh]h ijb hij_^_e_gguo dhgkljmdlb\guo hkh[_gghklyo hg^meylhjZ
agZqbl_evgZy ^hey baemqZ_fhc wg_j]bb fh`_l [ulv kdhgp_gljbjh\ZgZ \
g_kdhevdbo madbo ki_dljZevguo ihehkZo ± ]ZjfhgbdZo hg^meylhjZ ^ebgu
\heg dhlhjuo lZd`_ fh]ml \Zjvbjh\Zlvky iml_f ih^[hjZ fZ]gblguo
iZjZf_ljh\ hg^meylhjZ qlh iha\hey_l ^hklbqv _s_ [he__ \ukhdhc
bgl_gkb\ghklb gZ wlbo ^ebgZo \heg
< hkgh\ghf ^ey kf_s_gby ki_dljZ KB \ [he__ `_kldmx qZklv ki_dljZ
bkihevamxlky \b]]e_ju k fZeuf dhebq_kl\hf ihexkh\ < wlhf kemqZ_
mkljhckl\h khklhbl ba lj_o fZ]gblh\ ijbq_f p_gljZevguc fZ]gbl bf__l
kbevgh_ ihe_ Z ^\Z ^jm]bo bkihevamxlky ^ey dhfi_gkZpbb bkdZ`_gby
hj[blu we_dljhgh\ \ gZdhibl_e_
Ki_dlj baemq_gby ^ey <WII \ aZ\bkbfhklb hl fZ]gblghc bg^mdpbb
\b]]e_jZ B bah[jZ`_g gZ jbk Gb`gyy ]jZgbpZ ki_dljZ KB hij_^_ey_lky
ijhimkdghc kihkh[ghklvx \uoh^guo hdhg b ijb bkihevah\Zgbb [_jbeeby
khklZ\ey_l  ±  dw< < hibkZgguo gb`_ wdki_jbf_glZo bkihevah\Zeky
\b]]e_j k <   L
<Z`guf k\hckl\hf KB y\ey_lky _]h iheyjbaZpby < hlebqb_ hl
baemq_gby j_gl]_gh\kdbo ljm[hd KB \k_]^Z iheghklvx iheyjbah\Zgh ?keb
kfhlj_lv \ iehkdhklb hj[blu we_dljhgh\ lh KB ih\hjhlgh]h fZ]gblZ
iheyjbah\Zgh ebg_cgh ijbq_f iehkdhklv iheyjbaZpbb kh\iZ^Z_l k
iehkdhklvx hj[blu ijb hldehg_gbb hl iehkdhklb hj[blu \\_jo beb \gba
baemq_gb_ klZgh\blky qZklbqgh iheyjbah\Zgguf ih djm]m weebilbq_kdZy
iheyjbaZpby Kbgojhljhggh_ baemq_gb_ ]_g_jbjm_fh_ \ \b]]e_jZo beb
hg^meylhjZo lZd`_ h[eZ^Z_l iehkdhc beb djm]h\hc iheyjbaZpb_c \
aZ\bkbfhklb hl dhgkljmdpbb khhl\_lkl\mxs_]h fZ]gblgh]h mkljhckl\Z
gZijbf_j ^ey ]_g_jZpbb KB k djm]h\hc iheyjbaZpb_c fh]ml
bkihevah\Zlvky kibjZevgu_ hg^meylhju
Kbgojhljhggh_ baemq_gb_ bf__l bfimevkgmx ijbjh^m We_dljhgu ijb
^\b`_gbb ih dZgZem gZdhibl_evgh]h dhevpZ jZa[b\Zxlky gZ hl^_evgu_
k]mkldb – [Zgqb bunch bf_xsb_ ^ebgm ihjy^dZ g_kdhevdbo kZglbf_ljh\
Ih wlhc ijbqbg_ we_dljhgguc lhd q_j_a ih\hjhlguc fZ]gbl g_ y\ey_lky
g_ij_ju\guf LZdbf h[jZahf KB khklhbl ba i_jbh^bq_kdbo \kiur_d
bfimevkh\ ^ebl_evghklvx hl g_kdhevdbo ^_kyldh\ ibdhk_dmg^ ^h
gZghk_dmg^ k bgl_j\Zehf f_`^m bfimevkZfb ihjy^dZ fbdjhk_dmg^ Ijb
hij_^_e_gguo mkeh\byo gZdhie_gby fh`gh ^h[blvky j_`bfZ \ dhlhjhf ih
dZgZem gZdhibl_evgh]h dhevpZ [m^_l ^\b]Zlvky lhevdh h^bg [Zgq we_dljhgh\
h^gh[Zgq_\uc j_`bf < lZdhf j_`bf_ jZ[hlu gZdhibl_evgh]h dhevpZ b
^ebl_evghklv bfimevkZ b bgl_j\Ze f_`^m bfimevkZfb bf_xl \ukhdmx
j_]meyjghklv
 































Jbk  JZkij_^_e_gb_ bgl_gkb\ghklb KB hl wg_j]bb ^ey <WII \
aZ\bkbfhklb hl fZ]gblgh]h ihey B \b]]e_jZ A ± <   L < ± B   T
C ± B   T D ± [_jbeeb_\h_ hdgh lhesbghc  ff F ± [_jbeeb_\h_ hdgh
lhesbghc  ff
L_klh\u_wdki_jbf_glukrbolhc
<hafh`ghklv bkihevah\Zgby KB ^ey bkke_^h\Zgby \aju\guo
ijhp_kkh\ \gZqZe_ [ueZ ijh\_j_gZ ijb j_]bkljZpbb FMJJ hl khojZg_gguo
ijh^mdlh\ ^_lhgZpbb lg rbolu kieZ\Z  ljbgbljhlhemheZ LGL b
 ]_dkh]_gZ L=  Kh]eZkgh ebl_jZlmjguf ^Zgguf >@
dhebq_kl\h rbolu m L=  khklZ\ey_l a hl \_kZ << b \ g_c
kh^_j`blky ^h  M>: H[jZa_p ba rbolu ^ey ijhk\_qb\Zgby KB
ij_^klZ\eye kh[hc pbebg^j ^bZf_ljhf  ff b ^ebghc  ff \ dhlhjhf 
rbolu [ueb jZ\ghf_jgh i_j_f_rZgu k iZjZnbghf
J_]bkljZpby FMJJ \_eZkv k ihfhsvx ebg_cdb ^_l_dlhjh\
IZjZee_evgh \_eZkv j_]bkljZpby FMJJ hl lZdh]h `_ ih jZaf_jZf aZjy^Z L=
 J_amevlZlu wlbo wdki_jbf_glh\ ijb\_^_gu gZ jbk Bgl_]jZevgZy
bgl_gkb\ghklv FMJJ ijh^mdlh\ rbolu \hajZklZ_l [he__ q_f gZ ljb
ihjy^dZ ih kjZ\g_gbx k djb\hc FMJJ bkoh^gh]h h[jZapZ L= 
Hp_gdb ^ey bgl_gkb\ghklb FMJJ ihdZaZeb qlh wlhc bgl_gkb\ghklb hl
rbolu ^hklZlhqgh qlh[u __ aZj_]bkljbjh\Zlv aZ \j_fy h^ghc \kiurdb KB
lh _klv aZ  gk











M]he hldehg_gby ^\Z θ ]jZ^
Jbk  AZ\bkbfhklv kb]gZeh\ FMJJ ^ey eblh]h L=  gb`gbc emq b _]h
rbolu \_jogbc emq
Wlh ^Zeh hkgh\Zgb_ ij_^iheZ]Zlv qlh \h \j_fy ijhoh`^_gby njhglZ
^_lhgZpbhgghc \hegu q_j_a ahgm h[emq_gby imqdhf KB kljmdlmjgu_
baf_g_gby ijhbkoh^ysb_ \ ahg_ obfbq_kdbo ij_\jZs_gbc ^he`gu
ijb\h^blv d lZdbf `_ kbevguf baf_g_gbyf djb\uo FMJJ b wlb baf_g_gby
fh`gh aZj_]bkljbjh\Zlv aZ \j_fy ihjy^dZ  gk
Kl_g^^eyijh\_^_gby\aju\guowdki_jbf_glh\gZ
<WII
>ey bkke_^h\Zgby \aju\guo ijhp_kkh\ k ihfhsvx KB gZ  dZgZe_
gZdhibl_evgh]h dhevpZ <WII [ue kha^Zg wdki_jbf_glZevguc kl_g^
Kl_g^ khklhbl ba ki_pbZebabjh\Zgghc \aju\ghc dZf_ju gZ  ] <<
kbkl_fu kbgojhggh]h bgbpbbjh\Zgby << ^_l_dlhjh\ j_gl]_gh\kdh]h
baemq_gby b mkbebl_e_c kb]gZeh\ kbkl_fu xklbjh\db ^_l_dlhjh\
hlghkbl_evgh imqdZ KB kbkl_fu kbgojhgbaZpbb b D:F:Dkbkl_fu ^ey
aZibkb ihemq_gguo kb]gZeh\ H[sZy ko_fZ mklZgh\db ijb\_^_gZ gZ jbk
<aju\gZy dZf_jZ k^_eZgZ ba g_j`Z\_xs_c klZeb b bf__l
Z \oh^gh_ hdgh ^ey imqdZ KB
[ \uoh^gh_ hdgh ^ey \u\h^Z jZkk_yggh]h baemq_gby b ijyfh]h imqdZ
\ \ukhdh\hevlguc \\h^ ^ey bgbpbbjh\Zgby ^_lhgZlhjZ
 
Jbk  Ko_fZ wdki_jbf_glZevgh]h kl_g^Z  ± \aju\gZy dZf_jZ  ±
bkke_^m_fuc aZjy^ <<  ± hdgZ \aju\ghc dZf_ju ba [_jbeeby  ± ^Zlqbd
ijhoh^ys_]h baemq_gby  ± ^Zlqbd FMJJ gZ wg_j]bx  ±  dw<  ±
\_jlbdZevgu_ gh`b  ± ]hjbahglZevgu_ gh`b  ± ^Zlqbd FMJJ gZ wg_j]bx
 ±  dw<  ± gZijZ\e_gb_ imqdZ KB
] q_luj_ \\h^Z ^ey kbgojhgbabjmxsbo we_dljbq_kdbo kb]gZeh\
^ \uoehighc dZgZe ^ey \u\h^Z ]Zah\ ijh^mdlh\ ^_lhgZpbb
_ ^\Z djZgZ ^ey ih^dexq_gby d \Zdmmfghc kbkl_f_ b ^ey gZiheg_gby
]ZaZfb
Ih mkeh\byf fbgbfZevguo ihl_jv j_gl]_gh\kdh]h baemq_gby \oh^gu_
b \uoh^gu_ hdgZ ^ey KB [ueb ba]hlh\e_gu ba [_jbeeby lhesbghc  ff
>ey khojZg_gby ]_jf_lbqghklb hdhg ihke_ \aju\Z \ dZf_j_ [ueb k^_eZgu
ki_pbZevgu_ ©]emrbl_eb m^Zjghc \heguª
I_j_^ \oh^guf hdghf mklZgh\e_g we_dljhfZ]gblguc aZl\hj
hldju\Zxsbcky gZ  fk kbgojhggh k bgbpbbjmxsbf mkljhckl\hf AZl\hj
g_h[oh^bf ^ey ij_^hojZg_gby bkke_^m_fh]h h[jZapZ hl bgl_gkb\gh]h
jZ^bZpbhggh]h \ha^_ckl\by
Kbkl_fZ bgbpbbjh\Zgby ij_^gZagZq_gZ ^ey ijbf_g_gby [_ahiZkguo
g_ bf_xsbo i_j\bqguo << ^_lhgZlhjh\ KbgojhgbaZpby \aju\gh]h
mkljhckl\Z b kbkl_fu j_]bkljZpbb gZ i_j\hf wlZi_ hkms_kl\eyeZkv k
ihfhsvx ijh\hehqguo dhglZdlguo ^Zlqbdh\ \fhglbjh\Zgguo \h
\aju\qZlh_ \_s_kl\h <ky baf_jbl_evgZy p_iv [ueZ lZd`_
kbgojhgbabjh\ZgZ k jZ[hlhc gZdhibl_ey
< ijhp_kk_ bkiulZgbc [ueZ ijh\_j_gZ b hleZ`_gZ j_]bkljZpby
ijhoh^ys_]h ijyfh]h b ^bnjZ]bjh\Zggh]h baemq_gby jZaebqgufb
^_l_dlhjZfb
>ey ijh\_^_gby wdki_jbf_glh\ ih fZehm]eh\hfm j_gl]_gh\kdhfm
jZkk_ygbx lj_[h\Zeky ^_l_dlhj bf_xsbc ke_^mxsb_ iZjZf_lju
 ^hklZlhqgZy iehsZ^v qm\kl\bl_evghc h[eZklb ± g_ f_g__  ±  ff
 [hevrh_ [ukljh^_ckl\b_ h[_ki_qb\Zxs__ g_aZ\bkbfmx j_]bkljZpbx
\kiurdb j_gl]_gh\kdh]h baemq_gby gZ dZ`^hf h[hjhl_ imqdZ
 ijb_fe_fmx qm\kl\bl_evghklv \ h[eZklb wg_j]bc  ±  dw<
;ueZ ijh\_j_gZ j_gl]_ghqm\kl\bl_evghklv jy^Z jZaebqguo
ihemijh\h^gbdh\uo ijb[hjh\ gZ hkgh\_ 6L *H fZl_jbZeh\ $,,,%9
GZb[he__ ih^oh^ysbfb hdZaZebkv ]_jfZgb_\u_ nhlhljZgabklhju NL=
iehsZ^v djbklZeeZ ≈× ff
LZd`_ ijb_fe_fu_ iZjZf_lju bf_eb ]_jfZgb_\u_ bfimevkgu_
dhg\_jkbhggu_ ljZgabklhju =L gh baaZ bo kms_kl\_ggh f_gvr_c
jZ[hq_c iehsZ^b ^ey j_]bkljZpbb FMJJ bkihevah\Zebkv ij_bfms_kl\_ggh
ljZgabklhju NL= D kh`Ze_gbx ijZdlbdZ ihdZaZeZ qlh ijb m^Ze_gbb
kl_deyggh]h hilbq_kdh]h hdgZ NL= _]h jZ[hlhkihkh[ghklv khojZgy_lky
gh lhd ml_qdb b khhl\_lkl\_ggh rmf \hajZklZxl \  ±  jZa Ih wlhc
ijbqbg_ ijb j_]bkljZpbb FMJJ kl_deyggh_ hdgh khojZgyehkv b fZdkbfmf
qm\kl\bl_evghklb ^_l_dlhjZ kf_sZeky \ h[eZklv  ±  dw<
>ey j_]bkljZpbb bgl_gkb\ghklb ijhr_^r_]h imqdZ KB b fy]dhc
 ±  dw< dhfihg_glu FMJJ [ueb jZajZ[hlZgu ^_l_dlhjgu_ ]heh\db k
dj_fgb_\ufb pinnhlh^bh^Zfb b fZehrmfysbfb mkbebl_eyfb < lZdhc
]heh\d_ djbklZee ^_l_dlhjZ [_kdhjimkguc nhlh^bh^ fZehc iehsZ^b
× ff jZaf_s_g gZ dhgp_ lhgdhc dhZdkbZevghc rlZg]b Wlh iha\hebeh
dZd ij_pbabhggh \\h^blv ^_l_dlhj \ ijyfhc imqhd  g_ aZl_gyy NL= b     
g_ ih^k\_qb\Zy _]h nemhj_kp_glguf baemq_gb_f lZd b lhqgh xklbjh\Zlv
_]h \g_ imqdZ ^ey j_]bkljZpbb fy]dhc dhfihg_glu FMJJ
>ey mf_gvr_gby qm\kl\bl_evghklb \ fy]dhc h[eZklb f_g__  dw<
i_j_^ ^_l_dlhjhf ijyfh]h imqdZ jZaf_sZeky nbevljih]ehlbl_ev ≈ ff
iheb\bgbeoehjb^Z
>ey m\_ebq_gby qm\kl\bl_evghklb kbkl_fu b ijb\_^_gby bfimevkZ d
nhjf_ m^h[ghc ^ey j_]bkljZpbb [ue jZajZ[hlZg mkbebl_evnhjfbjh\Zl_ev
h[_ki_qb\Zxsbc nhjfbjh\Zgb_ bfimevkZ ^ebl_evghklvx hdheh  gk
>h\hevgh iehob_ qZklhlgu_ k\hckl\Z nhlhljZgabklhjZ \ugm^beb
hldZaZlvky hl bkihevah\Zgby _]h dZd mkbebl_evgh]h we_f_glZ dhee_dlhjguc
i_j_oh^ ^_ckl\m_l ijhklh dZd h[jZlgh kf_s_gguc nhlh^bh^ JZkq_lgZy
djmlbagZ kbkl_fu nhlhljZgabklhj  mkbebl_ev khklZ\eyeZ ijbf_jgh 
f<nhlhg ^ey wg_j]bb d\Zglh\ ≈ dw< Mkbebl_ev [ue \uiheg_g gZ
dj_fgb_\uo K<Q ljZgabklhjZo ih ijhklhc ^\modZkdZ^ghc ko_f_ k
g_ihkj_^kl\_gghc k\yavx >Ze__ g_ihkj_^kl\_ggh i_j_^ :PI
ih^dexqZeky ^hihegbl_evguc mkbebl_ev gZ [ukljh^_ckl\mxs_f HM (ODQWHF
 
(/ k j_]mebjm_fuf \ ij_^_eZo  ±  mkbe_gb_f LZdZy kbkl_fZ
iha\heyeZ j_]bkljbjh\Zlv FMJJ \ wdki_jbf_glZo kh kieZ\Zfb L= b LGL gh
^ey j_]bkljZpbb keZ[uo kb]gZeh\ FMJJ ijh^mdlh\ ^_lhgZpbb f_g__
dbkehjh^^_nbpblguo << lwg ]_dkh]_g hdlh]_g ihlj_[h\ZeZkv
kms_kl\_ggZy fh^_jgbaZpby kbkl_fu
<hi_j\uo [ue jZajZ[hlZg mkbebl_evnhjfbjh\Zl_ev k ijbf_jgh gZ
ihjy^hd m\_ebq_gguf dhwnnbpb_glhf mkbe_gby b mf_gvr_gguf mjh\g_f
rmfZ >ey ij_^hl\jZs_gby i_j_]jmadb lhdhf ml_qdb ^_l_dlhjZ \ mkbebl_ev
\\_^_gZ ko_fZ Z\lhfZlbq_kdhc dhfi_gkZpbb Wlh iha\hebeh hlh[jZlv ^ey
bkihevah\Zgby \ kbkl_f_ j_]bkljZpbb wda_fieyj ljZgabklhjZ NL=
ijZdlbq_kdb g_ bf_xsbc nebdd_jrmfh\ gh hlebqZxsbcky ih\ur_gguf
mjh\g_f ^j_cnh\
<h\lhjuo ^ey h[_ki_q_gby ]ZjZglbjh\Zggh]h klZ[bevgh]h
dhwnnbpb_glZ mkbe_gby \f_klh j_]mebjm_fh]h mkbebl_ey i_j_^ :PI [ue
mklZgh\e_g ki_pbZevgh jZajZ[hlZgguc D:F:Dfh^mev k gZ[hjhf
mkbebl_e_c k nbdkbjh\Zggufb dhwnnbpb_glZfb mkbe_gby Fh^_ebjh\Zgb_
mkbebl_e_c b mkbebl_e_cnhjfbjh\Zl_e_c hkms_kl\eyehkv ijh]jZffhc
/26+ >@ @_eZ_fuc h[sbc dhwnnbpb_gl mkbe_gby mklZgZ\eb\Z_lky ijb
ijh\_^_gbb wdki_jbf_glZ khhl\_lkl\mxs_c dhffmlZpb_c wlbo mkbebl_e_c
< ijhoh^ys_f imqd_ KB ihlhd gZ ^_l_dlhj_ khklZ\eye ≈ nhlhgh\
\kiurdm H[sbc ihlhd ^bnjZ]bjh\Zgguo nhlhgh\ j_]bkljbjm_fuo NL=
khklZ\eye ≈

nhlhgh\\kiurdm Z ^ey dj_fgb_\uo pin^bh^h\ ≈ nhlh
gh\\kiurdm
< wdki_jbf_glZo bkihevah\Zebkv [ukljh^_ckl\mxsb_ jZajy^gu_
:PI6.>@ aZimkdb dhlhjuo hkms_kl\eyebkv ]_g_jZlhjhf bfimevkh\
7HNWURQL[  Ihke_^gbc kbgojhgbabjh\Zeky \lhjhc ]Zjfhgbdhc  F=p
qZklhlu h[jZs_gby we_dljhggh]h imqdZ \ gZdhibl_e_ H[s__ qbkeh yq__d
iZfylb :PI khklZ\ey_l  lZdbf h[jZahf h[sbc bgl_j\Ze ^ey
baf_j_gbc khklZ\ey_l  fdk Klhev ^ebl_evgZy j_]bkljZpby iha\heyeZ
ijhke_^blv ^bgZfbdm jZa\blby ijhp_kkZ ijb kbevghf jZae_l_ ijh^mdlh\
^_lhgZpbb ^h ^Z\e_gbc [ebadbo d Zlfhkn_jghfm b \ dhgp_ j_]bkljZpbb
ihemqblv kb]gZeu khhl\_lkl\mxsb_ nhgh\uf Djhf_ lh]h gZ[ex^Zebkv
dhe_[Zgby kj_^g_c iehlghklb imaujy ijh^mdlh\ ^_lhgZpbb \ua\Zggu_
k`Zlb_f bo hljZ`_ggufb hl kl_ghd \aju\ghc dZf_ju m^Zjgufb \hegZfb
>ey dhfi_gkZpbb f_^e_gguo ^j_cnh\uo dhfihg_gl lhdZ ml_qdb
^_l_dlhjZ b ih^Z\e_gby gbadhqZklhlguo dhfihg_gl rmfZ \ wdki_jbf_glZo
bkihevah\Zeky j_`bf pbnjh\hc ^\hcghc dhjj_ebjh\Zgghc \u[hjdb ± l_
baf_j_gb_ kb]gZeZ ijhba\h^behkv ^\Z`^u aZ h[hjhl imqdZ ± \ fhf_glu
fZdkbfmfh\ bfimevkh\ b \ iZmaZo f_`^m gbfb k ihke_^mxs_c h[jZ[hldhc
\aylb_f jZaghklb aZibkZgguo kb]gZeh\ \ W<F
IhklZgh\dZwdki_jbf_glh\
H[sZy ko_fZ ihklZgh\db wdki_jbf_glh\ ihdZaZgZ gZ jbk
=_hf_ljby aZjy^Z b jZkiheh`_gb_ ijh\hehqguo ^Zlqbdh\ ijb\_^_gh gZ
jbk JZaf_j ahgu h[emq_gby gZ aZjy^_ << ©iylgZª hl imqdZ KB khklZ\eye
\ \ukhlm  ±  ff b \ rbjbgm  ±  ff >bZf_lj ebluo b gZkuiguo
aZjy^h\ khklZ\eye  ff ij_kkh\Zggu_ aZjy^u bf_eb ^bZf_lj  ff


























Jbk  AZ\bkbfhklv ijhoh^ys_]h j_gl]_gh\kdh]h baemq_gby < b kb]gZeh\
k dhglZdlguo ^Zlqbdh\ K hl \j_f_gb
Jbk  Ko_fZ jZkiheh`_gby aZjy^Z <<   ahgZ
\ dhlhjmx gZ\h^beky imqhd KB  ± aZjy^ L=
  ± gZkuighc hdlh]_g  ± ^_lhgZlhj  ±
ijh\hehqgu_ ^Zlqbdb
 
Ih^kuidZ ba gZkuigh]h hdlh]_gZ bkihevah\ZeZkv ^ey gZ^_`gh]h
\ha[m`^_gby ^_lhgZpbb \ aZjy^Zo L= b ljhlbe_ >ebgZ aZjy^h\
\Zjvbjh\ZeZkv hl  ^h  ff Kt_fdZ ZgZeh]bqguo aZjy^h\ gZ
j_g]_gh\kdhf ZiiZjZl_ IBJ ihdZaZeZ qlh njhgl ^_lhgZpbb ^hklZlhqgh
iehkdbc ijb ^ebg_ aZjy^Z [he__  ff
JZkklhygb_ f_`^m ijh\hehqgufb ^ZlqbdZfb L \ jZaguo
wdki_jbf_glZo khklZ\eyeh hl  ^h  ff
J_amevlZluwdki_jbf_glh\
 Baf_j_gb_ iehlghklb
GZ jbk ihdZaZgZ aZibkv ijhoh^ys_]h q_j_a aZjy^ L= 
baemq_gby b kb]gZeu hl ijh\hehqguo ^Zlqbdh\ jZkiheh`_gguo gZ
jZkklhygbb L   ff
Baf_j_gby ijh\h^bebkv q_j_a t   gk f_`^m gbfb baf_jyeky
©nhgª mkbebl_e_c Ihwlhfm ihe_aguc kb]gZe ^ey ijhoh^ys_]h baemq_gby b
FMJJ ihemqZ_lky ba jZaghklb f_`^m \_jog_c b gb`g_c lhqdZfb Kdhjhklv
^_lhgZpbb khklZ\ey_l  dfk GZ aZibkb ohjhrh \b^gh k`Zlb_ \h njhgl_
^_lhgZpbb b jZae_l ijh^mdlh\ ihke_ \aju\Z >bgZfbq_kdbc ^bZiZahg
j_]bkljZpbb ijhoh^ys_]h baemq_gby iha\hey_l baf_jylv iehlghklv hl  ^h
 ]kf

 GZ jbk ij_^klZ\e_gZ h^gh\j_f_ggZy aZibkv ijhoh^ys_]h
baemq_gby ]_jfZgb_\uf b dj_fgb_\uf ^_l_dlhjZfb









0  L= 
 B
 D
Jbk  AZ\bkbfhklv ©`_kldhcª B b ©fy]dhcª D dhfihg_gl bgl_gkb\ghklb
ijhoh^ys_]h baemq_gby hl \j_f_gb
Dhgkljmdpby kbkl_fu ^_l_dlhjh\ [ueZ lZdhc qlh ]_jfZgb_\uc ^_l_dlhj
j_]bkljbjh\Ze ©`_kldmxª dhfihg_glm baemq_gby ^bZiZahg wg_j]bc  ± 
dw< Z dj_fgb_\uc ± ©fy]dmxª  ±  dw< I_j\uc ohjhrh j_]bkljbjm_l
k`Zlb_ \ ^_lhgZpbhgghf njhgl_ b gZqZevguc jZae_l ijh^mdlh\ ^_lhgZpbb
< lh \j_fy dZd ©fy]dZyª dhfihg_glZ kbevgh ih]ehs_ggZy \ bkoh^ghf <<
ohjhrh ©\b^blª dhg_qguc jZae_l ijh^mdlh\ b jZkijhkljZg_gb_ m^Zjguo
\heg \h \aju\ghc dZf_j_ ihke_ hljZ`_gby hl kl_ghd
<j_f_gghc bgl_j\Ze f_`^m baf_j_gbyfb khklZ\eye  fdk qlh ijb
^Zgghc kdhjhklb ^_lhgZpbb khhl\_lkl\m_l ebg_cghfm jZaj_r_gbx  ff
GZdhibl_ev <WII iha\hey_l \^\h_ m\_ebqblv qZklhlm bfimevkh\ KB ijb
bkihevah\Zgbb ^\mo imqdh\ [Zgq_c we_dljhgh\ Ebg_cgh_ jZaj_r_gb_
lZd`_ m\_ebqblky \^\h_ ^h  ff DZj^bgZevgh m\_ebqblv jZaj_r_gb_
\hafh`gh ijb bkihevah\Zgbb ebg_cdb ^_l_dlhjh\ fbdjhkljbih\h]h
^_l_dlhjZ \f_klh h^gh]h ^_l_dlhjZ GZ jbk ihdZaZgZ ko_fZ ijh\_^_gby
wdki_jbf_glh\ Ijb baf_j_gbb iehlghklb ebg_cgh_ jZkklhygb_ f_`^m
^\mfy bfimevkZfb khklZ\ey_l O  D⋅t   ff kdhjhklv ^_lhgZpbb ^ey
L= khklZ\ey_l D   fffdk \j_fy f_`^m bfimevkZfb t   fdk
?keb bkihevah\Zlv ebg_cdm ^_l_dlhjh\ \ukhlhc [he__  ff lh ebg_cgh_
jZaj_r_gb_ [m^_l hij_^_eylvky \ukhlhc rbjbghc h^gh]h ^_l_dlhjZ <
wdki_jbf_glZo bkihevah\Zeky fbdjhkljbih\uc ^_l_dlhj k jZaf_jhf h^gh]h
kljbiZ  fdf <j_f_ggh_ jZaj_r_gb_ ijb wlhf khklZ\ey_l ∆t   fdf
 fffdk   gk GZ i_j\hf wlZi_ \ wdki_jbf_glZo bkihevah\Zebkv
Jbk  Ko_fZ baf_j_gby iehlghklb k ihfhsvx ebg_cdb ^_l_dlhjh\ SR ±
iheh`_gb_ imqdZ KB SR ± ke_^mxs__ iheh`_gb_ imqdZ KB q_j_a \j_fy t
H ± \ukhlZ imqdZ KB X ± ebg_cgh_ jZkklhygb_ f_`^m ^\mfy bfimevkZfb
KB E ± aZjy^ << D ± iheh`_gb_ njhglZ ^_lhgZpbb PD ± jZae_lZxsb_ky
ijh^mdlu ^_lhgZpbb S ± ebg_cdZ ^_l_dlhjh\ KB h ± jZkklhygb_ f_`^m
^_l_dlhjZfb \gmljb ebg_cdb
7          8
lhevdh ljb dZgZeZ d lj_f dZgZeZf :PI \u\h^bebkv kljbiu jZkiheh
`_ggu_ q_j_a  fdf AZibkv wlbo lj_o dZgZeh\ ihdZaZgZ gZ jbk 
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Jbk  Hkpbeeh]jZffZ ijhoh^ys_]h j_gl]_gh\kdh]h baemq_gby hl lj_o
kljbih\ ^_l_dlhjZ JZkklhygb_ f_`^m ^ZlqbdZfb ±  ff
Ijb bkihevah\Zgbb ebg_cdb k jZkklhygb_f f_`^m ^_l_dlhjZfb
fdf \j_f_ggh_ jZaj_r_gb_ [m^_l khklZ\eylv  fdf fffdk   gk
Qbkeh dZgZeh\ j_]bkljZpbb ijb wlhf ^he`gh [ulv fdf fdf  
 Baf_j_gb_ FMJJ ijb ^_lhgZpbb dhg^_gkbjh\Zgguo <<
Gb`_ ijb\_^_gh hibkZgb_ wdki_jbf_glh\ ih j_]bkljZpbb FMJJ m
ij_kkh\Zggh]h ljhlbeZ b _]h kieZ\h\ k ]_dkh]_ghf Bkke_^h\Zebkv lZd`_
ij_kkh\Zggu_ ]_dkh]_g hdlh]_g b lwg Wlb << ij_kkh\Zebkv k ^h[Z\dZfb 
iZjZnbgZ < g_dhlhjuo << \f_klh iZjZnbgZ bkihevah\Zeky nlhjhieZkl
Bkke_^h\Zebkv lZd`_ << k ^h[Z\dZfb Zexfbgby b dhfie_dkgu_ i_joehjZlu
gbd_ey b f_^b
Ijb hljZ[hld_ ko_fu ijh\_^_gby wdki_jbf_glh\ b ijb xklbjh\dZo
kbkl_fu bkihevah\Zeky fmey` aZjy^Z ba]hlh\e_gguc ba iZjZnbgZ k
^h[Z\dhc  rbolu HilbfZevghc gZkljhcd_ khhl\_lkl\h\Ze kb]gZe FMJJ
hl fmey`Z ijbf_jgh \  ±  jZa ij_\urZxsbc mjh\_gv nhgZ
< ^Zgguo mkeh\byo [ueh aZj_]bkljbjh\Zgh lZd`_ b ^bnjZ]bjh\Zggh_
baemq_gb_ h^gZdh \_ebqbgZ kb]gZeZ hdZaZeZkv gZ ^\Z ihjy^dZ f_gvr_
kb]gZeZ FMJJ Ihwlhfm aZibkv kb]gZeZ ^bnjZdpbb k ijb_fe_fuf mjh\g_f
d\Zglh\h]h rmfZ \hafh`gZ lhevdh ijb bkihevah\Zgbb ^_l_dlhjh\ kh
agZqbl_evgh [hevr_c iehsZ^vx < wdki_jbf_glZo k << ^ZggZy dhfihg_glZ
baemq_gby g_ nbdkbjh\ZeZkv
Hkgh\gu_ wdki_jbf_glu [ueb ijh\_^_gu k ^_l_dlhjZfb ba
]_jfZgby Ihwlhfm j_amevlZlu wdki_jbf_glh\ [m^ml ij_^klZ\e_gu
kb]gZeZfb FMJJ wlbo ^_l_dlhjh\ < l_o kemqZyo dh]^Z wlh [m^_l
ij_^klZ\eylv bgl_j_k [m^ml hibkZgu kb]gZeu FMJJ dj_fgb_\uo
^_l_dlhjh\ l_ ©fy]dZyª dhfihg_glZ FMJJ
I_j\uf ba << bkke_^h\Zeky kieZ\ L=  Ba jZkijhkljZg_gguo
[jbaZglguo << wlhl kieZ\ bf__l gZb[hevrbc \uoh^ M>: >@ GZ jbk
ihdZaZgZ aZibkv ijhoh^ys_]h q_j_a aZjy^ L=  baemq_gby D
©`_kldhcª B b ©fy]dhcª C dhfihg_gl FMJJ Jhkl kb]gZeZ FMJJ
gZqbgZ_lky \h \j_fy k`Zlby \ ^_lhgZpbhgghc \heg_ b ijh^he`Z_lky \
l_q_gb_ ≈ fdk KiZ^ ^eblky \ l_q_gb_ khl_g fbdjhk_dmg^
FZdkbfZevgh_ agZq_gb_ kb]gZeZ FMJJ \  jZaZ ij_\hkoh^bl kb]gZe hl
rbolu Kb]gZe FMJJ j_]bkljbjm_fuc ^_l_dlhjhf ba dj_fgby ©fy]dZyª
dhfihg_glZ bf__l f_gvrmx kdhjhklv gZjZklZgby ^hklb]Z_l
fZdkbfZevgh]h agZq_gby q_j_a  fdk ^Ze__ ^h  fdk hklZ_lky ijZdlbq_kdb
ihklhygguf b f_^e_ggh kiZ^Z_l <_ebqbgZ kb]gZeZ ih hlghr_gbx d nhgm
ijb[ebabl_evgh \  jZaZ f_gvr_ kb]gZeZ ]_jfZgb_\h]h ^_l_dlhjZ











N 50 L= ,
D=10 mm,L = 60 mm
I = 41 mA
Bgl_gkb\ghklv
<j_fy fdk
Jbk  AZ\bkbfhklv ijhoh^ys_]h j_gl]_gh\kdh]h baemq_gby D ©`_kldhcª
B b ©fy]dhcª C dhfihg_gl FMJJ hl \j_f_gb
 









 B passed intensity
 C SAXS intensity
N 14: TNT, ρ  =
D = 12 mm, L = 48 mm















Jbk  Baf_g_gb_ bgl_gkb\ghklb ijhoh^ys_]h baemq_gby < b FMJJ K
ijb ^_lhgZpbb ljhlbeZ hl \j_f_gb
LJHLBE LGL Kb]gZeu FMJJ b bgl_gkb\ghklb ijhoh^ys_]h
imqdZ KB ijb ^_lhgZpbb aZjy^Z ljhlbeZ k iehlghklvx  ]kf

ijb\_^_gu
gZ jbk  AgZq_gby j_]bkljbjm_fuo kb]gZeh\ bah[jZ`_gu lhqdZfb
khhl\_lkl\mxsbfb fhf_glZf \kiur_d imqdZ KB Ijh\Ze bgl_gkb\ghklb
gZ ijhoh^ys_f imqd_ khhl\_lkl\m_l k`Zlbx << \ ^_lhgZpbhgghc \heg_
?kl_kl\_ggh lhqdZ fbgbfZevgh]h kb]gZeZ e_`bl \h \j_f_gghf bgl_j\Ze_
 fdk hl ^_lhgZpbhggh]h njhglZ Q_j_a  fdk baaZ jZae_lZ kj_^gyy
iehlghklv ijh^mdlh\ ^_lhgZpbb ^hklb]Z_l gZqZevghc iehlghklb aZjy^Z <
^Zevg_cr_f k l_q_gb_f \j_f_gb bgl_gkb\ghklv ijhoh^ys_]h kb]gZeZ
ijh^he`Z_l jZklb \uoh^bl ijZdlbq_kdb gZ ihklhyggh_ agZq_gb_ b gZqbgZ_l
g_fgh]h mf_gvrZlky
LhqdZ gZqZeZ jhklZ kb]gZeZ FMJJ k ^_l_dlhjZ ba ]_jfZgby kh\iZ^Z_l
k lhqdhc gZb[hevr_]h aZj_]bkljbjh\Zggh]h k`Zlby K l_q_gb_f \j_f_gb
kb]gZe ijh^he`Z_l jZklb q_j_a  fdk ^hklb]Z_l fZdkbfZevgh]h agZq_gby b
gZqbgZ_l f_^e_ggh ih kjZ\g_gbx k jhklhf mf_gvrZlvky Kb]gZe
j_]bkljbjm_fuc dj_fgb_\uf ^Zlqbdhf jZkl_l agZqbl_evgh f_^e_gg__ b
^hklb]Z_l f_gvrbo ih hlghr_gbx d nhgm \_ebqbg FMJJ ijb ^_lhgZpbb
aZjy^h\ ljhlbeZ iehlghklvx  ]kf ijb[ebabl_evgh gZ  gb`_
>h[Z\e_gb_  ijhp_glh\ l_nehgZ mf_gvrZ_l kb]gZe FMJJ
ijZdlbq_kdb \ ^\Z jZaZ hklZ\eyy ^jm]b_ iZjZf_lju ijZdlbq_kdb
g_baf_ggufb
LJHLBE K =?DKH=?GHF GZ jbk ijb\_^_gu kb]gZeu
aZj_]bkljbjh\Zggu_ ijb ^_lhgZpbb kieZ\Z ljhlbeZ k ]_dkh]_ghf L=  :
gZ jbk ijb\_^_gu ghjfbjh\Zggu_ d h^ghfm lhdm j_amevlZlu
wdki_jbf_glh\ ^ey ljhlbeZ b _]h kieZ\h\ k ]_dkh]_ghf








 B TG 70/30 eblhc
 C TG 50/50 eblhc
 D TNT  ρ = 1,6 ij_kkh\Zgguc
 E TG 60/40 eblhc
 F TNT  ρ = 1,56 ij_kkh\Zgguc
bgl_gkb\ghklv FMJJ
Jbk  Baf_g_gb_ bgl_gkb\ghklb FMJJ hl \j_f_gb ijb ^_lhgZpbb ljhlbeZ
b _]h kieZ\h\ k ]_dkh]_ghf
Ih\_^_gb_ bgl_gkb\ghklb ijhoh^ys_]h imqdZ KB b kb]gZeZ FMJJ k
^_l_dlhjZ ba ]_jfZgby ijb ^_lhgZpbb aZjy^h\ L=  ijZdlbq_kdb
kh\iZ^Z_l k bo ih\_^_gb_f ijb ^_lhgZpbb aZjy^h\ L=
<j_fy jhklZ kb]gZeZ FMJJ ^_l_dlhjZ ba ]_jfZgby ijb ^_lhgZpbb
aZjy^Z L=  kh\iZ^Z_l k \j_f_g_f jhklZ kb]gZeh\ \ ij_^u^msbo
hiulZo FZdkbfZevgh_ agZq_gb_ kb]gZeZ g_kdhevdh f_gvr_ fZdkbfZevgh]h
agZq_gby kb]gZeZ ijb ^_lhgZpbb ljhlbeZ k iehlghklvx  ]kf

b kh\iZ^Z_l
ijZdlbq_kdb k fZdkbfmfhf kb]gZeZ ijb ^_lhgZpbb ljhlbeh\h]h aZjy^Z
iehlghklvx  ]kf

 Ijb kiZ^_ kb]gZe \k_ \j_fy hklZ_lky f_gvr_
kb]gZeh\ hl ljhlbeh\uo aZjy^h\ Dj_fgb_\uc ^_l_dlhj \ wlbo
wdki_jbf_glZo g_ bkihevah\Zeky
LJHLBE K :FFB:QGHC K?EBLJHC Bkke_^h\Zebkv
ij_kkh\Zggu_ aZjy^u  b  Kb]gZe bgl_gkb\ghklb ijyfh]h imqdZ
KB \ hlebqb_ hl ij_^u^msbo bf__l ^ebl_evguc mqZklhd ebg_cgh]h kh
\j_f_g_f jhklZ Kb]gZe FMJJ ]_jfZgb_\h]h ^_l_dlhjZ hl ^_lhgZpbb aZjy^Z
 
 gZjZklZ_l ^h fZdkbfZevgh]h agZq_gby aZ  fdk aZl_f ^ebl_evgh_
\j_fy hklZ_lky ijZdlbq_kdb ihklhygguf FZdkbfZevgh_ agZq_gb_ ihqlb \ 
jZa f_gvr_ fZdkbfZevgh]h kb]gZeZ hl aZjy^Z L=  \ wlhc k_jbb <
aZjy^Zo  kb]gZe FMJJ gZjZklZ_l aZ  fdk b ^Zevr_ hklZ_lky
ijZdlbq_kdb ihklhygguf FZdkbfmf kb]gZeZ [hevr_ ij_^u^ms_]h \ 
jZaZ
HDLH=?G =?DKH=?G LWG WlZ ]jmiiZ << bgl_j_kgZ l_f qlh
ijh^mdlu ^_lhgZpbb wlbo << bf_xl agZqbl_evgh f_gvrbc hljbpZl_evguc
dbkehjh^guc [ZeZgk <uoh^ M>: m lZdbo << fbgbfZevguc GZ jbk
ijb\_^_gu k\h^gu_ kb]gZeu FMJJ ^ey gZkuigh]h hdlh]_gZ b ij_kkh\Zgguo
hdlh]_gZ lwgZ b ]_dkh]_gZ <_ebqbgZ kb]gZeZ FMJJ m ij_kkh\Zgguo
]_dkh]_gZ b lwgZ \ g_kdhevdh jZa f_gvr_ q_f m L=  kjZ\gbfZ k
rmfZfb M gZkuiguo ]_dkh]_gZ b lwgZ kb]gZeu FMJJ ijZdlbq_kdb
gme_\u_ >ey \k_o << wlhc ]jmiiu oZjZdl_j_g [he__ f_^e_gguc jhkl
kb]gZeZ FMJJ
Gh gZ gZqZevghf wlZi_ gZ kb]gZeZo FMJJ m wlbo << gZ[ex^Zxlky
kms_kl\_ggu_ jZaebqby GZ jbk  ijb\_^_gu aZibkb FMJJ ^ey hdlh]_gZ
>h ijboh^Z ^_lhgZpbhgghc \hegu k ^_l_dlhjh\ b^_l nhgh\uc kb]gZe
h[mkeh\e_gguc [hevrbf mkbe_gb_f jZkk_yggh]h baemq_gby gZ \ha^mo_ <
^_lhgZpbhgghc \heg_ kb]gZe aZf_lgh iZ^Z_l b lhevdh q_j_a \j_fy  fdk hg
gZqbgZ_l \hajZklZlv < aZjy^_ k iehlghklvx  ]kf hg gZjZklZ_l aZ  fdk
FZdkbfZevgh_ agZq_gb_ kb]gZeZ ihqlb gZ ihjy^hd f_gvr_ fZdkbfZevgh]h
agZq_gby kb]gZeZ hl aZjy^Z L= 
=_dkh]_g >h[Z\e_gb_   iZjZnbgZ m\_ebqb\Z_l agZqbl_evgh kb]gZe
FMJJ Hg klZgh\blvky \k_]h ebrv \  jZaZ f_gvr_ kb]gZeZ hl aZjy^Z L=
 ijb \j_f_gb gZjZklZgby  fdk >Ze__ ^h  fdk hg hklZ_lky
ijZdlbq_kdb ihklhygguf b ihlhf gZqbgZ_l f_^e_ggh kiZ^Zlv   l_nehgZ
^_eZxl kb]gZe aZf_lguf gh hg hklZ_lky gZ fgh]h f_gvr_ kb]gZeZ FMJJ \
L=
Lwg PETN) Ba bkke_^h\Zgguo << kb]gZe FMJJ m lwgZ
fbgbfZevguc L_nehg \ dhebq_kl\_   g_ \eby_l gZ kb]gZe FMJJ LZdh_
`_ dhebq_kl\h iZjZnbgZ m\_ebqb\Zxl kb]gZe ^h aZf_lghc \_ebqbgu
^h[Z\dZ  kl_ZjZlZ k_j_[jZ _s_ \^\h_ m\_ebqb\Z_l FMJJ jbk  Djhf_
wlh]h kb]gZe ^he]h [he__  fdk g_ kiZ^Z_l






 B Hdlh]_g ij_kkh\Zgguc  ρ = 1,8
 C Hdlh]_g ij_kkh\Zgguc  ρ = 1,64
 D =_dkh]_g ij_kkh\Zgguc  ρ = 1,67
 E Lwg ij_kkh\Zgguc  ρ = 1,7
 F Hdlh]_g gZkuighc  ρ = 1,0
Bgl_gkb\ghklv FMJJ f<
\j_fy fdk
Jbk  AZ\bkbfhklv bgl_gkb\ghklb FMJJ hl \j_f_gb ijb ^_lhgZpbb
]_dkh]_gZ lwgZ b hdlh]_gZ
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Jbk  Baf_g_gb_ FMJJ m hdlh]_gZ  ih \j_f_gb khhl\_lkl\m_l
fZdkbfZevghfm k`Zlbx \ ^_lhgZpbhgghc \heg_
 










N  5 8 -6 0 - 7 5   B  P E T N  +  5  %  S t  A g
 C  P E T N  +  5  %  P a r a f in e



















t im e ,  µ s
Jbk  Baf_g_gb_ bgl_gkb\ghklb FMJJ hl \j_f_gb ijb ^_lhgZpbb lwgZ k
^h[Z\dZfb kl_ZjZlZ k_j_[jZ < iZjZnbgZ K b l_nehgZ D









1  LWG    :exfbgby
 B SAXS Al d=150-200 µ
 D  passed Al d=150-200 µ
 F  SAXS Al d=5-20 µ















Jbk  AZ\bkbfhklv bgl_gkb\ghklb ijhoh^ys_]h baemq_gby b FMJJ ijb
^_lhgZpbb lwgZ k ^h[Z\dZfb Zexfbgby hl \j_f_gb
<< k ^h[Z\dZfb Zexfbgby
Bkke_^h\Zebkv gZkuigu_ b ij_kkh\Zggu_ ]_dkh]_g b lwg k ^h[Z\dZfb
f_edh^bki_jkgh]h  ±  fdf b djmigha_jgbklh]h  ±  fdf
Zexfbgby >h[Z\dZ  ±   f_edh]h ihjhrdZ Zexfbgby keZ[h \eby_l gZ
FMJJ gh aZf_lgh m\_ebqb\Z_l jZae_l ijh^mdlh\ q_j_a  fdk ihke_
^_lhgZpbhggh]h njhglZ jbk M ijhoh^ys_]h kb]gZeZ \b^gZ aZlygmlZy
nZaZ ebg_cgh]h jhklZ dZd m kieZ\Z ljhlbeZffbZqgZy k_ebljZ ihke_  fdk
[uklj__ jZkl_l kb]gZe k f_edh^bki_jkguf Zexfbgb_f Ijb m\_ebq_gbb
^h[Z\db ^h  ebg_cguc mqZklhd [he__ aZlygml
Ijb bkihevah\Zgbb f_edh]h Zexfbgby m ]_dkh]_gZ b l_gZ kb]gZe
FMJJ bf__l g_[hevrh_ ij_\ur_gb_ gZ^ nhghf G_h`b^Zgguf y\ey_lky
[hevrhc kb]gZe FMJJ m lwgZ k djmigha_jgbklhc ^h[Z\dhc  b  Al
Ijbq_f kb]gZe FMJJ k  Al f_gvr_ qlh k\yaZgh ih\b^bfhfm k
[hevrbf ih]ehs_gb_f baemq_gby \ aZjy^_
Dhfie_dkgu_ i_joehjZlu gbd_ey b f_^b
>Zggu_ kh_^bg_gby bkihevah\Zebkv dZd l_klh\u_ ihkdhevdm
kh^_j`Zl Zlhfu f_lZeeh\ \ fhe_dmeZo << Kbevgh_ ih]ehs_gb_ baemq_gby
\ ^Zgguo \_s_kl\Zo g_ iha\hebeh bkihevah\Zlv aZjy^u klZg^Zjlghc
dhgnb]mjZpbb < wdki_jbf_glZo [ueb bkihevah\Zgu ihjhrdh\u_
e_glhqgu_ aZjy^u lhesbghc  ff jbk M i_joehjZlZ ]_dkZfbggbd_ey
gZ[ex^Z_lky agZqbl_evguc kb]gZe FMJJ k\yaZgguc ij_^iheh`bl_evgh k
jZkk_ygb_f gZ fbdjhdjbklZeeZo gbd_ey < kemqZ_ ZffbZqgh]h i_joehjZlZ
f_^b fZehm]eh\h_ jZkk_ygb_ ijZdlbq_kdb g_ \hagbdZ_l qlh h[tykgy_lky
eb[h iheh`bl_evguf dbkehjh^guf [ZeZgkhf eb[h [he__ gbadhc
l_fi_jZlmjhc ieZ\e_gby f_^b
















Jbk  AZ\bkbfhklv bgl_gkb\ghklb FMJJ ijb ^_lhgZpbb ZffbZqgh]h
i_joehjZlZ f_^b < b ]_dkZfbgZ gbd_ey ? hl \j_f_gb
 
 H[km`^_gb_ j_amevlZlh\
Baeh`_ggu_ \ur_ j_amevlZlu ihemq_gu gZ [_ehf imqd_ KB qlh \
agZqbl_evghc f_j_ aZljm^gy_l bo bgl_jij_lZpbx IhklZgh\dZ
wdki_jbf_glh\ [ueZ ijh^bdlh\ZgZ l_f ba\_klguf nZdlhf qlh ijb
^_lhgZpbb aZjy^h\ << k \ukhdbf hljbpZl_evguf dbkehjh^guf [ZeZgkhf
\hagbdZxl qZklbpu dhg^_gkbjh\Zggh]h m]e_jh^Z ZefZagu_ qZklbpu
qZklbpu k emdh\bqghc kljmdlmjhc b Zfhjngu_ qZklbpu >@ Kj_^gbc jZaf_j
ZefZaguo qZklbp \ khojZg_gguo ijh^mdlZo ^_lhgZpbb ±·
±
kf Ih
djZcg_c f_j_ wlb qZklbpu ^he`gu [ueb ^Z\Zlv j_]bkljbjm_fuc kb]gZe
FMJJ Wlh ij_^iheh`_gb_ [ueh ih^l\_j`^_gh l_klh\ufb b ijb\_^_ggufb
\ur_ wdki_jbf_glZfb
:\lhju kqblZxl qlh FMJJ ijb ^_lhgZpbb bkke_^h\Zgguo <<
h[mkeh\e_g qZklbpZfb dhg^_gkbjh\Zggh]h m]e_jh^Z Wlh ih^l\_j`^Z_lky
nZdlhf m\_ebq_gby FMJJ k jhklhf hljbpZl_evgh]h dbkehjh^gh]h [ZeZgkZ m
bg^b\b^mZevguo << AgZq_gby fZdkbfZevguo kb]gZeh\ FMJJ ^ey
bkke_^h\Zgguo << ohjhrh dhjj_ebjmxl k \uoh^hf mevljZ^bki_jkguo
ZefZah\ ba wlbo <<
;m^_f kqblZlv qlh ijhp_glgh_ kh^_j`Zgb_ M>: b dhg^_gkbjh\Zg
gh]h m]e_jh^Z \ ^_lhgZpbhgghc \heg_ b \ khojZg_gguo ijh^mdlZo ^_lhgZpbb
hklZ_lky ijb[ebabl_evgh h^bgZdh\uf >@ Lh]^Z ba kjZ\g_gby kb]gZeh\
FMJJ gZ \hajZklZxs_f mqZkld_ ijb ^_lhgZpbb ljhlbeZ b L= ke_^m_l
qlh hkgh\ghc \deZ^ \ FMJJ ^Zxl qZklbpu M>: K ^jm]hc klhjhgu q_j_a
 fdk aZ njhglhf ^_lhgZpbb kb]gZe FMJJ hl ljhlbeZ gZqbgZ_l
ij_\hkoh^blv kb]gZe FMJJ hl L= Ih\b^bfhfm a^_kv aZf_lguc \deZ^
\ FMJJ ^Zxl b ^jm]b_ qZklbpu dhg^_gkbjh\Zggh]h m]e_jh^Z Djhf_ lh]h
ijb agZqbl_evghf jZkrbj_gbb ijh^mdlh\ ^_lhgZpbb m\_ebqb\Z_lky
ijhoh`^_gb_ fy]dhc dhfihg_glu dhlhjZy lZd`_ ^Z_l \deZ^ \ FMJJ Wlh
\ujZ`Z_lky \ [ukljhf baf_g_gbb ki_dljZ j_]bkljbjm_fh]h baemq_gby ijb
jZae_l_ ijh^mdlh\ ^_lhgZpbb >ey ijh\_jdb \ebygby ^Zggh]h nZdlhjZ [ueb
\uiheg_gu wdki_jbf_glu k iehkdbfb aZjy^Zfb L=  Ijb wlhf \
l_q_gb_  fdk bgl_gkb\ghklv ijhr_^r_]h imqdZ b _]h ki_dlj hklZ\Zebkv
ijZdlbq_kdb g_baf_ggufb >bgZfbdZ ih\_^_gby kb]gZeZ FMJJ g_
hlebqZeZkv kms_kl\_ggh hl gZ[ex^Z\r_cky ^ey pbebg^jbq_kdbo aZjy^h\
IjZdlbq_kdb ^ey \k_o bkke_^h\Zgguo gZfb << kb]gZe FMJJ jZkl_l
^hklb]Z_l fZdkbfZevgh]h agZq_gby aZl_f f_^e_ggh kiZ^Z_l LZdh_
ih\_^_gb_ fh`gh lZd`_ h[tykgblv b \ ij_^iheh`_gbb qlh \k_  dhg^_gkb-









 B Ijhoh^ys__ baemq_gb_
 C FMJJ
 D JZkq_l
N 13 L= 
D = 10 mm, l = 60 mm, I = 102 mA
L = 21 mm
Bgl_gkb\ghklv f<
<j_fy fdk
Jbk  KjZ\g_gb_ baf_j_gghc bgl_gkb\ghklb FMJJ K b jZkkqblZgghc k
mq_lhf ih\ur_gby ©dhgljZklghklbª D ijb ^_lhgZpbb L= 
jh\Zggu_ qZklbpu h[jZamxlky \ madhc ahg_ k`Zlby : kjZ\gbl_evgh
f_^e_gguc jhkl kb]gZeZ FMJJ h[mkeh\e_g ih\ur_gb_f dhgljZklZ qZklbp
ijb jZae_l_ I> <_ebqbgZ FMJJ kdeZ^u\Z_lky ba
, ) * 1       λ α λ λ ρ ρ= −Σ    ]^_ α ± jZaf_jguc dhwnnbpb_gl )λ ±
nhjfnZdlhj aZ\bkysbc hl kljmdlmju djbklZeeZ *λ ± iZdh\hqguc
nZdlhj aZ\bkysbc hl \aZbfgh]h jZkiheh`_gby qZklbp ρ  b ρ ± iehlghklb
djbklZeeh\ b jZae_lZxsboky ijh^mdlh\ ^_lhgZpbb N ± qbkeh qZklbp
gZoh^ysboky gZ imlb j_gl]_gh\kdh]h emqZ Iheguc kb]gZe FMJJ
ihemqZ_lky kmffbjh\Zgb_f ih \k_f ^ebgZf \heg baemq_gby Ba wlhc
nhjfmeu \b^gh \ kb]gZe_ FMJJ [hevrmx jhev b]jZ_l mf_gvr_gb_
iehlghklb ijh^mdlh\ ^_lhgZpbb ijb bo jZae_l_ ;ueb k^_eZgu kgbfdb
jZae_lZ I> ZgZeh]bqguo aZjy^h\ gZ j_gl]_gh\kdhf ZiiZjZl_ IBJ Ih
kgbfdZf k^_eZgu qbke_ggu_ hp_gdb \ebygby jZae_lZ GZ jbk ijb\_^_gh
kjZ\g_gb_ baf_j_gguo kb]gZeh\ FMJJ b jZkkqblZgguo ijb mkeh\bb qlh \k_
djbklZeebq_kdb_ qZklbpu h[jZamxlky \ madhc ahg_ aZ njhglhf ^_lhgZpbb
<b^gh qlh ih\ur_gb_ ©dhgljZklghklbª ijb jZae_l_ ijh^mdlh\ \aju\Z ^Z_l
oZjZdl_jgh_ m\_ebq_gb_ kb]gZeZ FMJJ \ l_q_gb_ ≈ fdk H^gZdh kb]gZe
wdki_jbf_glZevgh]h FMJJ ij_\urZ_l jZkq_lguc ;ueb lZd`_ ijh\_^_gu
wdki_jbf_glu k iehkdbfb aZjy^Zfb ba L=  < gbo qbkeh qZklbp N
 
hklZ_lky \ i_j\uc fhf_gl ihklhygguf Z kb]gZe FMJJ \k_ jZ\gh jZkl_l \
l_q_gb_ ≈ fdk
< wlhc fh^_eb dhg^_gkbjh\ZggZy nZaZ h[jZam_lky \ h^gbo b l_o `_
mkeh\byo ihwlhfm ke_^m_l h`b^Zlv __ h^ghjh^gmx djbklZeebq_kdmx
kljmdlmjm < wdki_jbf_glZo `_ gZ[ex^Zxlky qZklbpu M>: ihdjulu_
keh_f m]e_jh^Z ^jm]hc kljmdlmju < wlhf kemqZ_ ljm^gh h`b^Zlv jZa[jhkZ
qZklbp ih jZaf_jZf
Djhf_ lh]h \ aZjy^Zo ba ]_dkh]_gZ lwgZ hdlh]_gZ gZ[ex^Z_lky
oZjZdl_jgZy  fdk aZ^_j`dZ \hagbdgh\_gby kb]gZeZ FMJJ ih
hlghr_gbx d ahg_ k`Zlby jbk
<hafh`gh gZ[ex^Zxsb_ky kb]gZeu FMJJ fh]ml [ulv h[tykg_gu
^jm]bfb kp_gZjbyfb
a < ahg_ obfbq_kdhc j_Zdpbb \u^_ey_lky k\h[h^guc m]e_jh^ A^_kv `_
gZqbgZxl \hagbdZlv b jZklb qZklbpu dhg^_gkbjh\Zggh]h m]e_jh^Z wlhl
ijhp_kk \hagbdgh\_gby b jhklZ qZklbp ijh^he`Z_lky ^h aZf_lgh]h kiZ^Z
^Z\e_gby b iehlghklb \ ijh^mdlZo ^_lhgZpbb \ua\Zgguc bo jZae_lhf
\g_ ahgu j_Zdpbb M\_ebq_gb_ kb]gZeZ FMJJ hij_^_ey_lky jZklmsbfb
iehlghklvx b jZaf_jhf qZklbp dhg^_gkbjh\Zggh]h m]e_jh^Z b
m\_ebq_gb_f dhgljZklghklb
[ KjZam aZ bgbpbbjmxs_c m^Zjghc \heghc h[jZamxlky klhev djmigu_
qZklbpu dhg^_gkbjh\Zggh]h m]e_jh^Z dhlhju_ g_ ^Zxl FMJJ Ijb
jZa]jmad_ baaZ [hdh\h]h jZae_lZ hgb jZajmrZxlky gZ f_edb_ ^Zxsb_
FMJJ DZd b \ ij_^u^msbo kemqZyo m\_ebq_gb_ dhgljZklghklb [m^_l
mkbeb\Zlv kb]gZe FMJJ
Ijb lZdhf ijhp_kk_ \k_ qZklbpu ^he`gu bf_lv h^bgZdh\mx
djbklZeebq_kdmx kljmdlmjm qlh g_ gZ[ex^Z_lky \ wdki_jbf_gl_ >@
Ihwlhfm Z\lhju kqblZxl wlhl kp_gZjbc fZeh\_jhylguf gh l_f g_ f_g__
_]h g_h[oh^bfh bf_lv \\b^m
:\lhju kdehgyxlky \ ihevam ]bihl_au ij_^iheZ]Zxs_c jhkl qZklbp
dhg^_gkbjh\Zggh]h m]e_jh^Z g_ lhevdh \ ahg_ k`Zlby ]^_ h[jZamxlky
aZljZ\hqgu_ djbklZeeu gh b \ jZae_lZxsboky ijh^mdlZo ^_lhgZpbb
Dhk\_ggh wlh ih^l\_j`^Z_lky j_amevlZlZfb wdki_jbf_glh\ ijb\_^_gguo gZ
jbk 
Ba ^Zgguo ih ^bgZfbd_ jZae_lZ ke_^m_l qlh ijh^mdlu ^_lhgZpbb
\k_o aZjy^h\ jZae_lZxlky ijZdlbq_kdb h^bgZdh\h Z wlh agZqbl qlh bo
kj_^gb_ iehlghklb \ h^bgZdh\u_ fhf_glu \j_f_gb ihqlb kh\iZ^Zxl lh
_klv kh\iZ^Z_l b dhgljZklghklv L_f g_ f_g__ kdhjhklv gZjZklZgby kb]gZeZ
FMJJ hl ^_lhgbjmxs_]h aZjy^Z L= agZqbl_evgh \ur_ q_f hl aZjy^Z
ljhlbeZ ^Z`_ \g_ ahgu j_Zdpbb B qlh kZfh_ ]eZ\gh_ fZdkbfmfu kb]gZeh\
k^\bgmlu gZ  fdk : wlh k\b^_l_evkl\m_l h[ m\_ebq_gbb iehlghklb
dhg^_gkbjh\Zgguo qZklbp beb ih djZcg_c f_j_ h[ bo jhkl_
H[ wlhf `_ k\b^_l_evkl\m_l b ih\_^_gb_ we_dljhijh\h^ghklb aZ
^_lhgZpbhgguf njhglhf \ ljhlbe_ >@ We_dljhijh\h^ghklv gZjZklZ_l aZ
\j_fy f_gvr__  fdk ^h fZdkbfZevgh]h agZq_gby b aZl_f iZ^Z_l ih
wdkihg_gpbZevghfm aZdhgm k oZjZdl_jguf jZkklhygb_f  kf hl
^_lhgZpbhggh]h njhglZ Kh]eZkgh fh^_eb ijh\h^bfhklb ij_^eh`_gghc \
>@ mf_gvr_gb_ we_dljhijh\h^ghklb \ua\Zgh jZkk_ygb_f b ih]ehs_gb_f
we_dljhgh\ jZklmsbfb dhg^_gkbjh\Zggufb qZklbpZfb K gZrbfb
j_amevlZlZfb kh]eZkm_lky b ih\_^_gb_ ijh\h^bfhklb \ ijh^mdlZo ^_lhgZpbb
aZjy^h\ L=
>ZggZy ]bihl_aZ \u]h^gh hlebqZ_lky hl hklZevguo ihkdhevdm g_
ijhlb\hj_qbl ihemq_gguf j_amevlZlZf b iha\hey_l ij_^eh`blv
g_ijhlb\hj_qb\mx b nbabq_kdb h[hkgh\Zggmx fh^_ev h[jZah\Zgby qZklbp
dhg^_gkbjh\Zggh]h m]e_jh^Z ijb ^_lhgZpbb
>ey ijbf_jZ [m^_f jZkkfZljb\Zlv ^_lhgZpbhggu_ \hegu \ ljhlbe_
>ey ijhklhlu jZkkfhlj_gby ij_^iheh`bf qlh k\h[h^guc m]e_jh^
h[jZam_lky \ ijhp_kk_ obfbq_kdhc j_Zdpbb >Ze__ [m^_f kqblZlv
\_jhylghklv \hagbdgh\_gby aZjh^ur_c dhg^_gkbjh\Zgghc nZau aZ\bkys_c
hl iehlghklb Zlhfh\ k\h[h^gh]h m]e_jh^Z ^Z\e_gby b l_fi_jZlmju >ey
ljhlbeZ m dhlhjh]h l_fi_jZlmjZ ijh^mdlh\ ^_lhgZpbb g_ kebrdhf \ukhdZ
klhedgh\_gb_ ^\mo Zlhfh\ m]e_jh^Z k \ukhdhc \_jhylghklvx fh`_l
ijb\_klb d h[jZah\Zgbx k\yaZgghc kbkl_fu aZjh^urZ gh\hc nZau <
mkeh\byo ijh^mdlh\ ^_lhgZpbb \k_]^Z _klv khk_^b dhlhjuf fh`_l [ulv
i_j_^ZgZ qZklv wg_j]bb >Zevg_crb_ klhedgh\_gby Zlhfh\ m]e_jh^Z k
aZjh^urZfb gh\hc nZau ijb\_^_l d bo jhklm aZjh^urb \ j_amevlZl_
klhedgh\_gbc [m^ml kh[bjZlv [ebae_`Zsb_ Zlhfu iehlghklv Zlhfh\
m]e_jh^Z \hdjm] jZklmsbo qZklbp mf_gvrblky gZqg_lky ^bnnmaby m]e_jh^Z
gZ qZklbpu H^gh\j_f_ggh [m^ml h[jZah\u\Zlvky gh\u_ aZjh^urb LZdbf
h[jZahf \hagbdrb_ \ jZagh_ \j_fy qZklbpu [m^ml bf_lv jZaebqgu_
jZaf_ju ihkdhevdm ^ey ^Zggh]h << dhebq_kl\h k\h[h^gh]h m]e_jh^Z
h]jZgbq_gh b y\ey_lky dhgklZglhc Ihke_^mxsZy dhg^_gkZpby \k_]h
m]e_jh^Z ijb\_^_l d hdhgqZgbx ijhp_kkZ
< wlhc fh^_eb jZkij_^_e_gb_ qZklbp ih jZaf_jZf g_ [m^_l aZ\bk_lv
hl mkeh\bc ijh\_^_gby wdki_jbf_glh\ _keb jZaf_ju aZjy^h\ ^Ze_db hl
djblbq_kdbo G_h[oh^bfh hlf_lblv qlh gZ wlm dZjlbgm ijb dhg_qguo
jZaf_jZo aZjy^h\ [m^_l kdZau\Zlvky jZae_l ijh^mdlh\ ^_lhgZpbb k [hdh\hc
 
ih\_joghklb < qZklghklb ijb g_[hevrbo aZjy^Zo jZae_l fh`_l \ebylv gZ
iheghlm dhg^_gkZpbb m]e_jh^Z \ iehlgu_ nZau
Kms_kl\h\Zgb_ kZfh]h jZkij_^_e_gby qZklbp ih jZaf_jZf lZd`_
]h\hjbl \ ihevam ij_^eh`_gghc fh^_eb < wdki_jbf_glZo gZ ljhlbe_ k
ZffbZqghc k_ebljhc kb]gZe bgl_gkb\ghklb ijhoh^ys_]h imqdZ KB j_adh
hlebqZ_lky hl ij_^u^msbo kb]gZeh\ <hafh`gh wlh k\yaZgh k ^ebl_evgh
ijhl_dZxs_c j_Zdpb_c b ijh^he`Zxsbfky wg_j]h\u^_e_gb_f
AgZqbl_evgh_ hkeZ[e_gb_ FMJJ \_jhylgh h[mkeh\e_gh f_gvrbf
kh^_j`Zgb_f m]e_jh^Z b _]h ^hihegbl_evguf hdbke_gb_f
Ih\b^bfhfm ^h[Z\e_gb_ iZjZnbgZ \ ]_dkh]_g b lwg m\_ebqb\Z_l
h[jZah\Zgb_ k\h[h^gh]h m]e_jh^Z b \f_kl_ k l_f dhg^_gkbjh\Zgguo qZklbp
qlh \ dhg_qghf blh]_ mkbeb\Z_l FMJJ
Baf_j_gb_FMJJijbm^Zjghfk‘Zlbbhj]Zgbq_kdbo
\_s_kl\
:gZeh]bqgh ^_lhgZpbb \hagbdgh\_gb_ kb]gZeh\ FMJJ gZ[ex^Z_lky
ijb ijhoh`^_gbb fhsguo m^Zjguo \heg ih hj]Zgbq_kdbf \_s_kl\Z
[h]Zluf m]e_jh^hf < wlhf kemqZ_ m^ZjgZy \hegZ h[_ki_qb\Z_l dZd \ukhdh_
^Z\e_gb_ lZd b kbevguc jZah]j_\ ^hklZlhqguc ^ey ]em[hdh]h jZkiZ^Z
bkoh^ghc hj]Zgbdb Ih\h^hf ^ey lZdbo bkke_^h\Zgbc y\behkv h[gZjm`_gb_
ZefZaghc nZau \ kf_kyo fhsguo << k hj]Zgbq_kdbfb \_s_kl\Zfb [_gahe
Zp_lhg iZjZnbg ]_dkZg wlZghe >@ b ]jZnblhf
Hij_^_e_gguc bgl_j_k bkke_^h\Zgbx m^Zjgh]h k`Zlby ijb^Z_l
\hafh`ghklv kjZ\gblv k deZkkbq_kdbfb << h[uqgu_ g_ \aju\qZlu_
[h]Zlu_ m]e_jh^hf kh_^bg_gby b l_ << ghjfZevgZy ^_lhgZpby dhlhjuo \
mkeh\byo wdki_jbf_glZ g_ \hafh`gZ baaZ wdklj_fZevgh [hevrbo
djblbq_kdbo ^bZf_ljh\
K ^jm]hc klhjhgu bkke_^h\Zgby f_oZgbafZ h[jZah\Zgby k\h[h^gh]h
m]e_jh^Z b _]h dhg^_gkZpbb fh`_l ijheblv k\_l gZ nbabdm jy^Z y\e_gbc \
m^Zjgh \hegh\uo b ^_lhgZpbhgguo ijhp_kkZo
 IhklZgh\dZ wdki_jbf_glh\
<b^ wdki_jbf_glZevghc k[hjdb bah[jZ`_g gZ jbk  < ^Zgguo
wdki_jbf_glZo j_]bkljbjh\Zebkv baf_g_gb_ bgl_gkb\ghklb ijhoh^ys_]h
q_j_a k`bfZ_fh_ m^Zjghc \heghc \_s_kl\h imqdZ KB b \_ebqbgZ FMJJ
Ijbq_f \ jy^_ wdki_jbf_glh\ kb]gZe FMJJ nbdkbjh\Zeky ^\mfy
^_l_dlhjZfb ^ey ^\mo h[eZkl_c ki_dljZ >_l_dlhj ba dj_fgby j_]bkljbjh\Ze
©fy]dmxª dhfihg_glm ijbf_jgh  ±  dw< Z ^_l_dlhj ba ]_jfZgby ±
©`_kldmxª  ±  dw<
Ijb ih^]hlh\d_ wdki_jbf_glZ bkke_^m_fh_
\_s_kl\h hleb\Zehkv \ \b^_ klhe[bdZ \ukhlhc  ff
gZ ij_kkh\Zggmx ^h iehlghklb  ]kf

 djhf_
hkh[h h]h\hj_gguo kemqZ_\ rZrdm ^bZf_ljhf 
ff b \ukhlhc  ff ba fhsgh]h << hdlh]_gZ
]_dkh]_gZ beb lwgZ Bgbpbbjh\Zgb_ rZrdb
ij_kkh\Zggh]h << hkms_kl\eyehkv \ukhdh\hevlguf
^_lhgZlhjhf q_j_a aZjy^ gZkuigh]h hdlh]_gZ
>ey mkbe_gby k`Zlby b aZf_^e_gby jZa]jmadb d klhe[bdm bkke_^m_fh]h
\_s_kl\Z ijbieZ\eyeZkv ij_]jZ^Z ij_^klZ\eyxsZy kh[hc eZlmgguc
pbebg^j ^ebghc  ff b ^bf_ljhf  ff nhjfbjh\Z\rZy \lhjbqgmx
hljZ`_ggmx m^Zjgmx \hegm
Imqhd j_gl]_gh\kdh]h baemq_gby ijhoh^be ih kj_^bg_ klhe[bdZ
bkke_^m_fh]h \_s_kl\Z b j_]bkljbjh\Zeky ^_l_dlhjhf ijyfh]h imqdZ
^_l_dlhju FMJJ jZkiheZ]Zebkv \ur_ b gb`_ ih^ m]eZfb ≈± jZ^
Gb`_ ijb\_^_gu j_amevlZlu wdki_jbf_glh\ baf_j_gby iehlghklb ih
baf_g_gbx bgl_gkb\ghklb ijhoh^ys_]h j_gl]_gh\kdh]h imqdZ KB q_j_a
k`bfZ_fh_ m^Zjghc \heghc \_s_kl\h b \_ebqbgu FMJJ ^Z\Z_fh]h
qZklbpZfb dhg^_gkbjh\Zgghc iehlghc nZau < dZq_kl\_ k`bfZ_fuo kj_^
[ue \u[jZg jy^ ZjhfZlbq_kdbo kh_^bg_gbc k jZaebqguf qbkehf gbljh]jmii
\ fhe_dme_ gZnlZebg bahf_jgu_ kf_kb fhgh ^b b ljbgbljhgZnlZebgh\
^bgbljhlhemheZ ^bgbljh[_gaheZ ba dhlhjuo gZnlZebg b _]h
fhghgbljhijhba\h^gu_ g_ y\eyxlky \aju\qZlufb \_s_kl\Zfb Z hklZevgu_
± keZ[u_ << k [hevrbfb djblbq_kdbfb ^bZf_ljZfb Djhf_ lh]h \ wlbo `_
mkeh\byo [ueb ijh\_^_gu wdki_jbf_glu k ij_kkh\Zggufb h[jZapZfb
ibdjbgh\hc dbkehlu gbljh]mZgb^bgZ b kf_kb nlhjhieZklZ k Zexfbgb_f
 
Jbk  H[sbc \b^ wdki_jbf_glZevghc k[hjdb ±
f_klh dm^Z gZ\h^beky imqhd KB  bkke_^m_fh_
\_s_kl\h  ± ij_kkh\Zgguc hdlh]_g  ± gZkuighc
hdlh]_g  ^_lhgZlhj  ± ly`_eZy ij_]jZ^Z
 $l >hihegbl_evgh [ueh ijh\_^_gh bkke_^h\Zgb_ ijb m^Zjghf
k`Zlbb hqbs_ggh]h ihjhrdZ M>: b ZgZeh]bqgh]h ihjhrdZ kfhq_ggh]h
\h^hc
 J_amevlZlu wdki_jbf_glh\ b bo h[km`^_gb_
GZb[he__ bgl_j_kgufb ij_^klZ\eyxlky ^Zggu_ ihemq_ggu_ ijb
k`Zlbb gZnlZebgZ jbk FhsgZy m^ZjgZy \hegZ \ wlbo wdki_jbf_glZo
nhjfbjh\ZeZkv hdlh]_ghf kij_kkh\Zgguf ^h iehlghklb  ]kf

[_a
ieZklbnbdZlhjZ GZ jbkmgd_ lj_m]hevgbdZfb D ij_^klZ\e_gh baf_g_gb_
bgl_gkb\ghklb ijyfh]h imqdZ KB kh \j_f_g_f d\Z^jZlbdZfb B b
djm`hqdZfb C ij_^klZ\e_gu kb]gZeu FMJJ `_kldhc b fy]dhc dhfihg_gl
baemq_gby khhl\_lkl\_ggh <j_fy f_`^m lhqdZfb  fdk khhl\_lkl\m_l
h^ghfm h[hjhlm we_dljhggh]h k]mkldZ \ gZdhibl_e_ Mf_gvr_gb_
bgl_gkb\ghklb ijyfh]h imqdZ khhl\_lkl\m_l \hajZklZgbx ih]ehs_gby KB
ijb m\_ebq_gbb iehlghklb
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t im e, µ s
Jbk  Baf_g_gb_ bgl_gkb\ghklb ijhoh^ys_]h baemq_gby D FMJJ < ±
©`_kldZyª b K ± ©fy]dZyª dhfihg_glu hl \j_f_gb ijb m^Zjghf k`Zlbb
gZnlZebgZ
:gZeba ih\_^_gby bgl_gkb\ghklb ijyfh]h imqdZ KB ijb m^Zjghf
k`Zlbb gZnlZebgZ ihdZau\Z_l qlh ihke_ k`Zlby ijyfhc m^Zjghc \heghc
iehlghklv kj_^u kdZqdhf \hajZklZ_l b ihqlb g_ baf_gy_lky \ l_q_gbb  fdk
Kb]gZe FMJJ \ l_q_gb_ wlh]h \j_f_gb gZjZklZ_l kh kdhjhklvx b ^h
\_ebqbg kh\iZ^Zxsbo k wlbfb `_ oZjZdl_jbklbdZfb m ljhlbeZ
kij_kkh\Zggh]h ^h iehlghklb  ]kf

 K ijboh^hf hljZ`_gghc \hegu
iehlghklv g_agZqbl_evgh m\_ebqb\Z_lky Z kb]gZe FMJJ i_j_klZ_l jZklb
Q_j_a  fdk FMJJ gZqbgZ_l ieZ\gh iZ^Zlv b q_j_a  fdk ^hklb]Z_l
nhgh\h]h mjh\gy Ijb wlhf iehlghklv kbevgh mf_gvrZ_lky Z bgl_gkb\ghklv
ijyfh]h imqdZ \hajZklZ_l dZd ijb jZae_l_ I> << Bgl_gkb\ghklv fy]dhc
dhfihg_glu FMJJ \ l_q_gbb \k_]h \j_f_gb hklZ_lky \_kvfZ
g_agZqbl_evghc
DZd mdZau\Zehkv \ur_ fu iheZ]Z_f qlh ijb k`Zlbb hj]Zgbq_kdbo
\_s_kl\ kbevgufb m^Zjgufb \hegZfb l_fi_jZlmju b ^Z\e_gby ^hklZlhqgu
^ey ]em[hdh]h jZaeh`_gby \_s_kl\Z < j_amevlZl_ lZdh]h jZaeh`_gby fh]ml
h[jZah\u\Zlvky k\h[h^gu_ Zlhfu m]e_jh^Z beb m]e_jh^gu_ njZ]f_glu
bkoh^guo fhe_dme < mkeh\byo \ukhdbo ^Z\e_gbc b l_fi_jZlmj Zlhfu
m]e_jh^Z beb bo njZ]f_glu fh]ml h[t_^bgylvky \ m]e_jh^gu_ qZklbpu
jZaebqguo nZah\uo fh^bnbdZpbc GZb[he__ \ukhdhc iehlghklvx ba gbo
h[eZ^Z_l ZefZagZy nZaZ Ihkdhevdm FMJJ h[mkeh\e_g fh^meypb_c
iehlghklb ijb h[km`^_gbb ijb\_^_gguo j_amevlZlh\ [m^_f iheZ]Zlv qlh
hkgh\ghc \deZ^ \ FMJJ ^Zxl qZklbpu ZefZaghc nZau Ohly gZ
hij_^_e_gguo wlZiZo ijhp_kkh\ k`Zlby \_s_kl\Z aZf_lguc \deZ^ \ FMJJ
fh]ml ^Z\Zlv b qZklbpu ^jm]bo nZa
Ijb m^Zjghf k`Zlbb gZnlZebgZ jhkl bgl_gkb\ghklb `_kldhc
dhfihg_glu FMJJ h[tykgblv m\_ebq_gb_f dhgljZklghklb g_\hafh`gh lZd
dZd kb]gZe jZkl_l ijb ijZdlbq_kdb ihklhygghc iehlghklb \_s_kl\Z
<_jhylg__ \k_]h jhkl kb]gZeZ h[mkeh\e_g m\_ebqb\Zxs_cky dhgp_gljZpb_c
dhg^_gkbjh\Zgguo qZklbp b jhklhf bo jZaf_jZ qlh fh`_l [ulv k\yaZgh k
ijh^he`Zxsbfbky obfbq_kdbfb j_Zdpbyfb eb[h k ih^ghkhf \_s_kl\Z ba
ahgu k [he__ bgl_gkb\ghc m^Zjghc \hegu Ij_djZs_gb_ jhklZ kb]gZeZ k
ijboh^hf hljZ`_gghc \hegu fh`_l [ulv h[tykg_gh ij_h[eZ^Zxsbf
\ebygb_f \hajhkr_c l_fi_jZlmju ih kjZ\g_gbx k ^Z\e_gb_f >Zevg_crbc
kiZ^ kb]gZeZ `_kldhc dhfihg_glu fh`_l [ulv h[mkeh\e_g k h^ghc
klhjhgu mf_gvr_gb_f dhgp_gljZpbb qZklbp baaZ jZae_lZ \_s_kl\Z k
^jm]hc ± bo bkq_agh\_gb_f ijb kiZ^_ ^Z\e_gby
IjZdlbq_kdh_ hlkmlkl\b_ fy]dhc dhfihg_glu FMJJ fh`_l
k\b^_l_evkl\h\Zlv h lhf qlh a^_kv gZ[ex^Z_lky ^bgZfbdZ h[jZah\Zgby
kZfuo f_edbo aZjh^ur_\uo qZklbp dhg^_gkbjh\Zggh]h m]e_jh^Z \ lhf
qbke_ b M>: H[ wlhf `_ fh`_l k\b^_l_evkl\h\Zlv b bo bkq_agh\_gb_ ijb
kiZ^_ ^Z\e_gby ?kl_kl\_ggh ^Zggu_ ij_^iheh`_gby gm`^Zxlky \
^hihegbl_evghc ijh\_jd_
 
AZf_lgh hlebqZxlky hl jZkkfhlj_gguo \ur_ ^Zggu_ jbk ih
m^Zjghfm k`Zlbx fhghgbljhgZnlZebgZ 011 A^_kv lZd `_ ahgZ k`Zlby
q_ldh \ujZ`_gZ b kb]gZe `_kldh]h FMJJ gZqbgZ_l ieZ\gh gZjZklZlv k
gZqZehf wlhc ahgu Gh hg f_gvr_ ih bgl_gkb\ghklb b g_ bf__l j_adh]h
fZdkbfmfZ Djhf_ lh]h kb]gZe ijh^he`Z_l gZjZklZlv k ijboh^hf
hljZ`_gghc \hegu ijZdlbq_kdb k lhc `_ kdhjhklvx F_^e_ggh_
mf_gvr_gb_ kb]gZeZ gZqbgZ_lky ijb agZqbl_evghf jZkrbj_gbb \_s_kl\Z
Q_j_a ≈ fdk ihke_ k`Zlby gZ[ex^Z_lky kms_kl\_ggh_ gZjZklZgb_ kb]gZeZ
fy]dh]h FMJJ
G_ bkdexq_gh qlh hij_^_e_gguc \deZ^ \ FMJJ a^_kv dZd b \ kemqZ_
^jm]bo Zahlhkh^_j`Zsbo << fh]ml ^Z\Zlv qZklbpu gbljb^Z m]e_jh^Z
h[eZklv mklhcqb\hklb dhlhjh]h k^\b]Z_lky ^Z\e_gb_f \ [he__ \ukhdb_
l_fi_jZlmju
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Jbk  Baf_g_gb_ bgl_gkb\ghklb ijhoh^ys_]h baemq_gby D
FMJJ < ± ©`_kldZyª b K ± ©fy]dZyª dhfihg_glu hl \j_f_gb ijb m^Zjghf
k`Zlbb fhghgbljhgZnlZebgZ
>Zevg_cr__ aZdhghf_jgh_ baf_g_gb_ dZjlbgu ijhp_kkZ ijhbkoh^bl
ijb m\_ebq_gbb qbkeZ gbljh]jmii \ fhe_dme_ khhl\_lkl\mxsb_ ^Zggu_ ^ey
^b'11 b ljb711 gbljhgZnlZebgh\ ihdZau\Zxl g_dhlhjh_
\ujh`^_gb_ ahgu k`Zlby Bgl_gkb\ghklv kb]gZeh\ `_kldh]h FMJJ
aZf_lgh kgb`Z_lky kb]gZeu ihy\eyxlky lhevdh ijb ijboh^_ hljZ`_gghc
m^Zjghc \hegu Fy]dZy dhfihg_glZ FMJJ lZd`_ agZqbl_evgh f_gvr_ b \
hlebqb_ hl `_kldhc g_ iZ^Z_l k jZae_lhf Z ijZdlbq_kdb hklZ_lky
ihklhygghc
<ujh`^_gb_ ahgu k`Zlby \hafh`gh \ua\Zgh ^hihegbl_evguf
jZah]j_\hf \_s_kl\Z baaZ ijhl_dZgby \lhjbqguo j_Zdpbc HkeZ[e_gb_
kb]gZeh\ FMJJ ih\b^bfhfm k\yaZgh k mf_gvr_gb_f dhgp_gljZpbb
Zlhfh\ k\h[h^gh]h m]e_jh^Z
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t im e ,  µ s
Jbk  Baf_g_gb_ bgl_gkb\ghklb ijhoh^ys_]h baemq_gby D
FMJJ < ± ©`_kldZyª b K ± ©fy]dZyª dhfihg_glu hl \j_f_gb ijb m^Zjghf
k`Zlbb ^bgbljhlhemheZ
Ijb i_j_oh^_ d ^bgbljhlhemhem '17 b ^bgbljh[_gahem '1%
^bgZfbdZ jZae_lZ ijZdlbq_kdb khhl\_lkl\m_l ijhp_kkm ^_lhgZpbb jbk
?keb ^ey '1% ^_ckl\bl_evgh gZ[ex^ZeZkv ihegZy ^_lhgZpby h[jZapZ qlh
hlf_qZehkv ih ^jh[e_gbx ih\_joghklb ij_]jZ^u lh ^ey '17 ^_lhgZpby
dZd fbgbfmf d dhgpm h[jZapZ aZlmoeZ AhgZ kbevgh]h k`Zlby \ '17
khklZ\ey_l  fdk ijhlb\  fdk \ '1% HljZ`_ggZy \hegZ ijboh^ysZy
\ nZa_ agZqbl_evgh]h jZae_lZ ^ey wlbo \_s_kl\ \ujZ`_gZ hlghkbl_evgh
keZ[h hgZ ijboh^bl q_j_a  fdk ihke_ \hegu k`Zlby < lh `_ \j_fy
oZjZdl_j ih\_^_gby kb]gZeh\ FMJJ ^ey h[hbo \_s_kl\ hq_gv [ebadbc b ih
^bgZfbd_ khhl\_lkl\m_l kb]gZeZf \ << Fy]dZy dhfihg_glZ FMJJ
g_kdhevdh \ur_ \ '1% Kb]gZeu FMJJ \hagbdZxl q_j_a  fdk ihke_
fZdkbfZevgh]h k`Zlby
>Zevg_cr__ baf_g_gb_ oZjZdl_jbklbd ijhp_kkh\ gZ[ex^Z_lky ijb
i_j_oh^_ d iheghklvx ^_lhgbjmxs_c ibdjbgh\hc dbkehl_ jbk
Bgbpbbjh\Zgb_ __ ijhba\h^behkv ij_kkh\Zgghc rZrdhc ]_dkh]_gZ
Bgl_gkb\ghklv ijyfh]h imqdZ iZ^Z_l ijb ih^oh^_ m^Zjghc \hegu g_
5          36
kdZqdhf dZd \ ij_^u^msbo kemqZyo Z \ l_q_gb_  fdk ih djZcg_c f_j_
>Zevg_cr__ ih\_^_gb_ bgl_gkb\ghklb khhl\_lkl\m_l jZae_lm I> dZd ^ey <<
b ij_^u^msbo wdki_jbf_glh\ HljZ`_ggZy m^ZjgZy \hegZ fZeh kdZau\Z_lky
gZ jZae_l_ @_kldZy dhfihg_glZ FMJJ \hagbdZ_l ijb gZb[hevr_f k`Zlbb
^bgZfbdZ baf_g_gby __ ijbf_jgh khhl\_lkl\m_l ih\_^_gbx ijb k`Zlbb
'17 b '1% Fy]dZy dhfihg_glZ dZd m h[uqguo << kbevgh ih^Z\e_gZ >@
HgZ f_^e_ggh gZjZklZ_l \ l_q_gbb  fdk \uoh^y nZdlbq_kdb gZ mjh\_gv
nhgZ
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1  M^Zjgh_ k`Zlb_ ibdjbgh\hc dbkehlu
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t im e , µ s
Jbk  Baf_g_gb_ bgl_gkb\ghklb ijhoh^ys_]h baemq_gby D FMJJ < ±
©`_kldZyª b K ± ©fy]dZyª dhfihg_glu hl \j_f_gb ijb ^_lhgZpbb
ibdjbgh\hc dbkehlu
Ih^h[guf h[jZahf \_^_l k_[y b ij_kkh\Zgguc ljhlbe
bgbpbbjm_fuc ij_kkh\Zgguf hdlh]_ghf <j_fy k`Zlby ^h gZb[hevr_c
iehlghklb hdheh  fdk < ^Zevg_cr_f jZae_l I> dZd m ibdjbgh\hc
dbkehlu @_kldZy b fy]dZy dhfihg_glu FMJJ \hagbdZxl \ ijhp_kk_
k`Zlby ^h ^hklb`_gby fZdkbfZevghc iehlghklb \ ljhlbe_ FZdkbfmf
`_kldhc dhfihg_glu q_j_a  fdk hl gZqZeZ __ \hagbdgh\_gby b ihqlb \ ^\Z
jZaZ \ur_ q_f ijb ghjfZevghc ^_lhgZpbb ljhlbeZ KiZ^ __ bgl_gkb\ghklb
ijhbkoh^bl agZqbl_evgh f_^e_gg__ Fy]dZy dhfihg_glZ ijb[ebabl_evgh \
ihelhjZ jZaZ \ur_ HljZ`_ggZy \hegZ ijZdlbq_kdb g_ \eby_l gZ ijhl_dZgb_
ijhp_kkh\
Ih\_^_gb_ bgl_gkb\ghklb ijyfh]h imqdZ fh`_l k\b^_l_evkl\h\Zlv h
g_ klZpbhgZjghklb ijhp_kkZ jZkijhkljZg_gby ^_lhgZpbb \ua\Zgghc
fhsguf bgbpbZlhjhf qlh \ k\hx hq_j_^v fh`_l kdZaZlvky gZ ^bgZfbd_
dhg^_gkZpbb m]e_jh^Z b gZ ih\_^_gbb kb]gZeh\ FMJJ
G_h`b^Zggufb hdZaZebkv j_amevlZlu wdki_jbf_glZ k
gbljh]mZgb^bghf  ^hklZlhqgh fhsguf [jbaZglguf << jbk Hgh
bgbpbbjh\Zehkv ij_kkh\Zgghc rZrdhc lwgZ k  iZjZnbgZ Oh^
bgl_gkb\ghklb ijhoh^ys_]h imqdZ KB ihdZau\Z_l qlh ihke_ m^Zjgh]h
k`Zlby iehlghklv \_s_kl\Z f_^e_ggh \hajZklZ_l ^h gZqZevghc aZl_f
hklZ_lky ijZdlbq_kdb ihklhygghc ^h ijboh^Z hljZ`_gghc \hegu b
g_agZqbl_evgh m[u\Z_l









 B SAXS E=15-30 keV
 C SAXS E=7-15 keV
 D passed
N77 M^Zjgh_ k`Zlb_ gbljh]mZgb^bgZ
D = 12,5 mm, L = 12 mm    I = 76 mA
K\_jom f_^guc kl_j`_gv
Kgbam LWG   iZjZnbgZ
Intensity, mV
time, µs
Jbk  Baf_g_gb_ bgl_gkb\ghklb ijhoh^ys_]h baemq_gby D FMJJ < ±
©`_kldZyª b K ± ©fy]dZyª dhfihg_glu hl \j_f_gb ijb m^Zjghf k`Zlbb
gbljh]mZgb^bgZ
Q_j_a  fdk ihke_ i_j\h]h k`Zlby hgZ gZqbgZ_l [ukljh \hajZklZlv
ijZdlbq_kdb ^h gZqZevghc b \ ^Zevg_cr_f \_^_l k_[y dZd ijb ^_lhgZpbb
<< @_kldZy dhfihg_glZ FMJJ klZgh\blky aZf_lghc k ijboh^hf
hljZ`_gghc \hegu HgZ ih\lhjy_l ih\_^_gb_ bgl_gkb\ghklb ijhoh^ys_]h
imqdZ b g_kdhevdh \hajZklZ_l ijb jZae_l_ < ^Zevg_cr_f hgZ hklZ_lky
ijZdlbq_kdb ihklhygghc Fy]dZy dhfihg_glZ hlkmlkl\m_l G_agZqbl_evgZy
bgl_gkb\ghklv `_kldhc dhfihg_glu k\b^_l_evkl\m_l h fZehc dhgp_gljZpbb
f_edbo qZklbp dhg^_gkbjh\Zgghc nZau Ih\_^_gb_ fy]dhc dhfihg_glu
fh`_l [ulv \ua\Zgh hlkmlkl\b_f djmiguo jZkk_b\Zxsbo p_gljh\ beb __
g_ijhoh^bfhklvx q_j_a kbkl_fm
 
Ijb m^Zjghf gZ]jm`_gbb ij_kkh\Zgghc kl_obhf_ljbq_kdhc kf_kb
nlhjhieZklZexfbgbc jbk ih\_^_gb_ bgl_gkb\ghklb ijyfh]h imqdZ
iheghklvx khhl\_lkl\m_l ijhp_kkm ^_lhgZpbb ohly \ujZ`_ggh]h ^jh[e_gby
ij_]jZ^u gZ gZ[ex^Zehkv H`b^Z_fh]h agZqbl_evgh]h gZjZklZgby kb]gZeZ
`_kldh]h FMJJ g_ ijhbahreh ohly l_fi_jZlmjZ fh]eZ ^hklb]Zlv  D
<_jhylgh wlh k\yaZgh k \hafh`ghklvx i_j_ghkZ j_Zdpbb \hkklZgh\e_gby
nlhjhj]Zgbdb \ ]Zah\mx nZam aZ kq_l h[jZah\Zgby ]Zahh[jZagh]h ijb
j_Zebamxsboky l_fi_jZlmjZo fhghnlhjb^Z Zexfbgby Fy]dZy dhfihg_glZ
\ wlbo wdki_jbf_glZo iheghklvx ih]ehsZeZkv \_s_kl\hf









 B  S A X S  E = 1 5 -3 0  k e V
 C  S A X S  E = 7 -1 5  k e V
 D  p a s s e d  
1  L_nehg    :exfbgby djmiguc
7HIORQ$O  SUHVV
'  PP /  PP ,   P$














t im e , µ s
Jbk  Baf_g_gb_ bgl_gkb\ghklb ijhoh^ys_]h baemq_gby D FMJJ < ±
©`_kldZyª b K ± ©fy]dZyª dhfihg_glu hl \j_f_gb ijb ^_lhgZpbb kf_kb
nlhjhieZklZexfbgbc 
>hklZlhqgh gZ]ey^gufb \u]ey^yl j_amevlZlu wdki_jbf_glZ k
ijhoh`^_gb_f bgl_gkb\ghc m^Zjghc \hegu q_j_a M>: jbk < mkeh\byo
dh]^Z ijhkljZgkl\h f_`^m qZklbpZfb aZiheg_gh \ha^mohf b k`bfZ_fhklv
kj_^Z \_ebdZ ijhoh`^_gb_ m^Zjghc \hegu ijb\h^bl d [ukljhfm aZ
ij_^_eZfb jZaj_r_gby kbkl_fu iheghfm bkq_agh\_gbx kb]gZeZ `_kldh]h
FMJJ qlh \_jhylgh k\yaZgh k ]jZnblbaZpb_c qZklbp M>:
< mkeh\byo dh]^Z ijhkljZgkl\h f_`^m qZklbpZfb aZiheg_gh
`b^dhklvx \h^hc k`bfZ_fhklv kj_^u fZeZ klhev kbevgh]h jZah]j_\Z \
m^Zjghc \heg_ g_ ijhbkoh^bl b baf_g_gb_ kb]gZeZ FMJJ \uau\Z_lky \
i_j\mx hq_j_^v baf_g_gb_f iehlghklb ijb m^Zjghf k`Zlbb
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t im e , µ s
Jbk  M^Zjgh_ k`Zlb_ ihjhrdZ M>: < ± ijhoh^ys__ baemq_gb_ D ±
FMJJ
 <hafh`ghklb b i_jki_dlb\u f_lh^bdb
DjZldh i_j_qbkebf hkgh\gu_ iZjZf_lju ^_lhgZpbhgguo b m^Zjgh
\hegh\uo ijhp_kkh\ dhlhju_ fh]ml [ulv wdki_jbf_glZevgh bkke_^h\Zgu k
ijbf_g_gb_f kbgojhljhggh]h baemq_gby
<hi_j\uo ± baf_j_gb_ ih]ehs_gby ijyfh]h imqdZ b
khhl\_lkl\_ggh hij_^_e_gb_ ^bgZfbdb baf_g_gby iehlghklb << b
ijh^mdlh\ ^_lhgZpbb Ij_^ihqlbl_evguf a^_kv \u]ey^bl bkihevah\Zgb_
gZ[hjZ ebg_cdb j_r_ldb ^_l_dlhjh\ ± gZijbf_j fbdjhkljbih\ ±
hjb_glbjh\Zggh]h eb[h \^hev eb[h ihi_j_d gZijZ\e_gby jZkijhkljZg_gby
^_lhgZpbb hkb aZjy^Z < i_j\hf kemqZ_ wlh iha\hebl m\_ebqblv ij_^_evgh_
\j_f_ggh_ jZaj_r_gb_ aZ kq_l kZfhjZa\_jldb klZpbhgZjgh]h ijhp_kkZ
^_lhgZpbb \h \lhjhf ± gZ hkgh\_ gZijbf_j ZdkbZevghc kbff_ljbb
pbebg^jbq_kdh]h beb ljm[qZlh]h aZjy^Z ± hij_^_eylv ijhnbeb \heg k`Zlby
b jZaj_`_gby
Djhf_ wlh]h baf_j_gby ih]ehs_gby ijyfh]h imqdZ fh]ml [ulv
bkihevah\Zgu ^ey bkke_^h\Zgby hljZ`_gby m^Zjguo \heg jZa]jmadb
bkl_q_gby I> \ \Zdmmf beb aZ^Zggmx kj_^m ^bgZfbdb ^\b`_gby bg_jlguo
^h[Z\hd ihjhrdh\ Z ijb \\_^_gbb \ << ih]ehsZxsbo KB f_lhd nhev]b
beb kh_^bg_gbc ohjhrh ih]ehsZxsbo we_f_glh\ ± b ^ey bkke_^h\Zgby
fZkkh\uo ihlhdh\ g_ihkj_^kl\_ggh \ aZjy^_
 
Hij_^_e_ggu_ keh`ghklb \ bgl_jij_lZpbb j_amevlZlh\ ihemq_gguo
\ wdki_jbf_glZo k ©[_eufª imqdhf KB fh]ml [ulv \ua\Zgu agZqbl_evguf
baf_g_gb_f ki_dljZ ijhr_^r_]h j_gl]_gh\kdh]h baemq_gby baaZ
mf_gvr_gby dhebq_kl\Z \_s_kl\Z \ imqd_ ijb jZae_l_ ijh^mdlh\ \aju\Z
GZb[he__ hq_\b^guc \ZjbZgl j_r_gby ^Zgghc ijh[e_fu ±
ijbf_g_gb_ fhghojhfZlbabjh\Zggh]h imqdZ ± ijZdlbq_kdb aZljm^gbl_e_g
baaZ hq_gv agZqbl_evguo ihl_jv bgl_gkb\ghklb eb[h baaZ ihy\e_gby
kms_kl\_gghc jZkoh^bfhklb imqdZ ;he__ ij_^ihqlbl_evguf \u]ey^bl
mklZgh\dZ j_gl]_gh\kdh]h fhghojhfZlhjZ g_ihkj_^kl\_ggh i_j_^
^_l_dlhjhf
>jm]bf ± Zevl_jgZlb\guf ± ih^oh^hf fh]eh [u y\blvky kha^Zgb_
[ukljh^_ckl\mxsbo bgl_]jbjmxsbo j_gl]_gh\kdbo ^_l_dlhjh\ \ lq
fgh]hwe_f_glguo jZa[b\Zxsbo jZ[hqbc ^bZiZahg wg_j]bc gZ g_kdhevdh
hlghkbl_evgh g_aZ\bkbfuo ih^^bZiZahgh\ Ijbq_f j_]bkljZpby kb]gZeh\
\k_o ih^^bZiZahgh\ hkms_kl\ey_lky h^gh\j_f_ggh \ ij_^_eZo h^gh]h
ijhoh`^_gby [ZgqZ b k h^ghc b lhc `_ iehsZ^b ^_l_dlhjZ < hilbd_
ijbjh^guf ZgZeh]hf lZdh]h ihkljh_gby j_]bkljbjmxs_c kbkl_fu y\ey_lky
p\_lh\h_ aj_gb_ \ l_ogbd_ ± p\_lgZy nhlh]jZnby b p\_lgh_ l_e_\b^_gb_
F_lh^ ba]hlh\e_gby ©j_gl]_gh\kdhc dhe[hqdbª ± l_ _^bgbqgh]h
^_l_dlhjZ qm\kl\bl_evgh]h \ kjZ\gbl_evgh madhf ki_dljZevghf bgl_j\Ze_
ohjhrh ba\_kl_g b rbjhdh ijbf_gy_lky >ey wlh]h j_gl]_gh\kdbc ^_l_dlhj
bf_xsbc ih^oh^ysmx dhjhldh\hegh\mx ]jZgbpm qm\kl\bl_evghklb
ijbdju\Zxl khhl\_lkl\mxsbf j_gl]_gh\kdbf nbevljhf ©h[j_aZxsbfª
qm\kl\bl_evghklv \ ^ebggh\hegh\hc h[eZklb
H^gZdh ijb bkke_^h\Zgbb [ukljhijhl_dZxsbo ijhp_kkh\ m^Zjgu_
\hegu ^_lhgZpby jZajmr_gb_ ihkljh_gb_ ^_l_dlhjZ dZd gZ[hjZ ih^h[guo
©jZaghp\_lguo dhe[hq_dª djZcg_ g_`_eZl_evgh ± \hi_j\uo baaZ j_adh]h
kgb`_gby h[s_c d\Zglh\hc wnn_dlb\ghklb b \h\lhjuo baaZ
g_\hafh`ghklb j_]bkljZpbb yq_cdZfb jZaguo ©p\_lh\ª h^gh]h b lh]h `_
mqZkldZ bah[jZ`_gby
Hq_\b^gh qlh h[Z wlb ij_iylkl\by mkljZgyxlky _keb j_gl]_gh\kdb_
nbevlju yq__d kZfb ih k_[_ lZd `_ y\eyxlky j_gl]_gh\kdbfb ^_l_dlhjZfb
LZdbf h[jZahf \ ijhkl_cr_f \ZjbZgl_ lZdhc j_gl]_gh\kdbc
^_l_dlhj mkeh\gh gZa\Zgguc fmevlbki_dljhahgZevguf ij_^klZ\ey_l
gZ[hj jZaf_s_gguo ^jm] aZ ^jm]hf h[uqguo ^_l_dlhjh\ ± dh]^Z
j_gl]_gh\kdb_ nhlhgu g_ ih]ehs_ggu_ ij_^r_kl\mxsbfb ^_l_dlhjZfb
iZd_lZ ihklmiZxl gZ ihke_^mxsb_ Ijb wlhf k_e_dpby nhlhgh\ ih
wg_j]byf hkms_kl\ey_lky aZ kq_l jZaebqby bo ]em[bg ijhgbdgh\_gby \
iZd_l>\_ ijZdlbq_kdb \hafh`guo \_jkbb fgh]hwe_f_glgh]h iZd_lgh]h
^_l_dlhjZ bah[jZ`_gu gZ jbk < hkgh\m h[_bo iheh`_gZ l_ogheh]by
ihemijh\h^gbdh\uo fbdjhkljbih\uo ^_l_dlhjh\ >@
Jbk : <_jkby ihemijh\h^gbdh\h]h fmevlbki_dljhahgZevgh]h ^_l_dlhjZ
gZ hkgh\_ gZ[hjZ ieZl $
Jbk < <_jkby ihemijh\h^gbdh\h]h fmevlbki_dljhahgZevgh]h
^_l_dlhjZ gZ hkgh\_ gZ[hjZ ieZl b k lhjp_\uf h[emq_gb_f %
<_jkby jbk $ ± ^_ckl\bl_evgh k[hjdZ iZd_l lj_[m_fh]h qbkeZ
jZaf_s_gguo ^jm] gZ^ ^jm]hf ieZklbg fbdjhkljbih\uo ^_l_dlhjh\ eb[h
ijb hlkmlkl\bb g_h[oh^bfhklb \ fgh]hwe_f_glghklb djbklZeeh\
_^bgbqguo ^_l_dlhjh\ Ijbq_f qbkeh ieZklbg bo lhesbgZ b fZl_jbZe
\u[bjZxlky bkoh^y ba fZdkbfZevgh]h khhl\_lkl\by lj_[m_fuf
ki_dljZevguf oZjZdl_jbklbdZf
 
< \_jkbb jbk% bkihevam_lky lhjp_\hc \^hev kljbih\ \\h^
baemq_gby \ fbdjhkljbih\uc ^_l_dlhj b ba]hlh\e_gb_ iZd_lZ ih^f_g_gh
k_dpbhgbjh\Zgb_f we_dljh^h\ kljbih\ Ijb wlhf k_dpbb [eb`Zcrb_ d
h[emqZ_fhfm lhjpm jZ[hlZxl dZd ^_l_dlhju fy]dhc dhfihg_glu
ke_^mxsb_ aZ gbfb ± [he__ `_kldhc b l^
>hklhbgkl\Zfb ko_fu k lhjp_\uf \\h^hf baemq_gby y\eyxlky
ijhklhlZ ba]hlh\e_gby b \hafh`ghklv bkihevah\Zgby dj_fgb_\hc
l_ogheh]bb ^ey jZ[hlu \ `_kldhc k\ur_  dw< j_gl]_gh\kdhc h[eZklb
g_^hklZldZfb ± fZeZy \oh^gZy jZ[hqZy iehsZ^v hiZkghklv iZjZeZdkZ
G_^hklZldZfb ko_fu k gZ[hjhf bg^b\b^mZevguo ^_l_dlhjh\
hdZau\Zxlky g_h[oh^bfhklv \uiheg_gby f_oZgbq_kdhc k[hjdb k
kh\f_s_gb_f kljbih\ jZaebqguo ieZklbg b h]jZgbq_gb_ dZd fZdkbfZevghc
ijbf_jgh  ff lZd b fbgbfZevghc ijbf_jgh  fdf lhesbgu
hl^_evghc ieZklbgu ^hklhbgkl\Zfb ± \hafh`ghklv ba]hlh\e_gby
^_l_dlhjh\ [hevrhc iehsZ^b b ^\mf_jguo ^_l_dlhjh\ Djhf_ lh]h \ h^ghf
iZd_lghf ^_l_dlhj_ fh`gh bkihevah\Zlv ieZklbgu ba]hlh\e_ggu_ ba
jZaguo ihemijh\h^gbdh\uo fZl_jbZeh\ ;he__ lh]h \ iZd_l fh]ml \oh^blv
^_l_dlhju ba]hlh\e_ggu_ ih kh\_jr_ggh hlebqguf l_ogheh]byf
gZijbf_j i_j\uf ± ^ey fy]dhc h[eZklb ± ^_l_dlhjhf k[hjdb fh`_l [ulv
]Zah\Zy ijhihjpbhgZevgZy fgh]hijh\hehqgZy dZf_jZ
< dZq_kl\_ ijbf_jZ gZ jbk & ijb\_^_gu jZkkqblZggu_ ^ey h[eZklb
wg_j]bc  ±  dw< ki_dljZevgu_ oZjZdl_jbklbdb k[hjdb khklhys_c ba lj_o
^_l_dlhjguo ieZklbg i_j\hc ± ^ey fy]dhc h[eZklb ± 6L ]em[bghc  fdf
\lhjhc ± ^ey h[eZklb kj_^gbo wg_j]bc ± 6L ]em[bghc  fdf lj_lv_c ± ^ey
`_kldhc h[eZklb ± *D$V ]em[bghc  fdf Djhf_ lh]h ^ey h]jZgbq_gby
qm\kl\bl_evghklb \ h[eZklb wg_j]bc f_g__  dw< i_j_^ i_j\uf ^_l_dlhjhf
ij_^iheZ]Z_lky jZaf_s_gb_ ^hihegbl_evgh]h ih]ehsZxs_]h nbevljZ
©f_jl\ucª kehc dj_fgby lhesbghc  fdf
;eZ]h^Zjy ijbf_g_gbx jZaebqguo ihemijh\h^gbdh\uo fZl_jbZeh\
lZdZy ^_l_dlhjgZy k[hjdZ fh]eZ [u h[_ki_qblv ijb_fe_fmx ihegmx
d\Zglh\mx wnn_dlb\ghklv a b \ur_ \ mdZaZgghf ^bZiZahg_ wg_j]bc
>hihegbl_evgh_ memqr_gb_ jZa^_e_gby ki_dljZevguo ahg ^_l_dlhjZ
k g_dhlhjuf mom^r_gb_f rmfh\uo oZjZdl_jbklbd \hafh`gh iml_f
\\_^_gby eb[h ijyfh \ \uoh^ghc kb]gZe ^_l_dlhjh\ eb[h ijb h[jZ[hld_ \
W<F g_dhlhjhc \aZbfghc dhfi_gkZpbb kb]gZeh\ ihehk ± ijbq_f \ kemqZ_
]eZ^dh]h ki_dljZ ± \iehlv ^h g_dhlhjhc i_j_dhfi_gkZpbb J_amevlZl
\ebygby g_dhlhjhc keZ[hc ± ÷ dhfi_gkZpbb oZjZdl_jbklbdb jbk &
ihdZaZg gZ jbk '
Jbk K JZkq_lgZy ki_dljZevgZy oZjZdl_jbklbdZ d\Zglh\Zy wnn_dlb\
ghklv ^_l_dlhjZ k lj_fy ieZlZfb $
Jbk D JZkq_lgZy ki_dljZevgZy oZjZdl_jbklbdZ d\Zglh\Zy
wnn_dlb\ghklv ^_l_dlhjZ \ kemqZ_ keZ[hc \aZbfghc dhfi_gkZpbb
< ijbgpbi_ ijb bkihevah\Zgbb ^_l_dlhjZ kh agZqbl_evguf
g_kdhevdh ^_kyldh\ qbkehf keh_\ b h[t_^bg_gb_f bo kb]gZeh\
khhl\_lkl\mxsbfb \_kh\ufb nmgdpbyfb fh`gh ^h[blvky ihqlb
ijyfhm]hevghc nhjfu ki_dljZevguo oZjZdl_jbklbd dZgZeh\ ijZ\^Z aZ
kq_l ^Zevg_cr_]h mom^r_gby rmfh\uo oZjZdl_jbklbd
 
>jm]bf ± \hafh`guf ihqlb bkdexqbl_evgh ^ey bkihevah\Zgby gZ
imqdZo KB ± ijbgpbihf jZ[hlu fmevlbki_dljhahgZevguo ^_l_dlhjh\
y\ey_lky jZa^_e_gb_ \uoh^gh]h kb]gZeZ h^gh]h b lh]h `_ ^_l_dlhjZ ih
\j_f_gb
>_ckl\bl_evgh \ oZjZdl_jguo ^ey dj_fgb_\uo fbdjhkljbih\uo
^_l_dlhjh\ iheyo a

<kf kdhjhklv ^j_cnZ we_dljhgh\ [ebadZ d
gZkus_gbx a

kfk ^ujhd ± ijbf_jgh \ ljb jZaZ f_gvr_ a⋅

kfk
Khhl\_lkl\_ggh ijb lhesbg_ \ukhdhhfgh]h L kehy  fdf \j_fy ^j_cnZ
we_dljhgh\ h[jZah\Zgguo \[ebab Skehy khklZ\bl  gk ^ujhd
h[jZah\Zgguo \[ebab Qkehy ±  gk Ihkdhevdm \j_fy \kiurdb
kbgojhljhggh]h baemq_gby khklZ\ey_l ijbf_jgh  gk b ijZdlbq_kdb g_
mrbjy_l \j_f_ggh]h hldebdZ ^_l_dlhjZ lh bfimevk lhdZ ijb ih]ehs_gbb
j_gl]_gh\kdh]h nhlhgZ \[ebab Skehy  gk [m^_l ijbf_jgh \  jZaZ
dhjhq_ b bf_lv ijb jZ\ghc iehsZ^b \  jZaZ [hevrmx Zfieblm^m q_f
bfimevk ijb ih]ehs_gbb \[ebab Qkehy  gk LZdbf h[jZahf
j_]bkljbjmy Zfieblm^m lhdZ ^_l_dlhjZ beb __ bgl_]jZe \ jZagu_ ih
hlghr_gbx d \kiurd_ KB fhf_glu \j_f_gb fh`gh \hkklZgh\blv
gZqZevgh_ jZkij_^_e_gb_ nhlh]_g_jbjh\Zggh]h aZjy^Z b ^Ze__ hp_gblv
ki_dlj ih]ehs_ggh]h j_gl]_gh\kdh]h baemq_gby
:gZeh]bqguf h[jZahf baaZ dhg_qgh]h \j_f_gb ^j_cnZ fh`gh
hij_^_eylv ki_dlj j_gl]_gh\kdh]h baemq_gby ^ey g_dhlhjuo dhgkljmdpbc
]Zah\uo ijhihjpbhgZevguo b ]Zah\uo we_dljhexfbgbkp_glguo ^_l_dlhjh\
>@
?s_ h^gbf \ZjbZglhf ihkljh_gby ihemijh\h^gbdh\h]h fmevlb
ki_dljhahgZevgh]h ^_l_dlhjZ y\ey_lky bkihevah\Zgb_ agZqbl_evgh]h
jZaebqby \ kdhjhklyo aZlmoZgby ^j_cnh\hc b ^bnnmabhgghc dhfihg_gl lhdZ
ijb g_iheghf h[_^g_gbb jZ[hq_]h kehy ^_l_dlhjZ GZ jbk ( ihdZaZgZ
ijbf_jgZy nhjfZ bfimevkZ lhdZ SLQ^bh^Z ijb ihgb`_gghf gZijy`_gbb
kf_s_gby b j_]bkljZpbb bfimevkZ KB gZ jbk) ± ij_^iheZ]Z_fZy
kljmdlmjZ ^bh^Z k lhesbghc \ukhdhhfghc h[eZklb hdheh  fdf GZqZeh
bfimevkZ a± gk ^j_cnh\Zy dhfihg_glZ khhl\_lkl\m_l ijhl_dZgbx lhdZ
h[mkeh\e_ggh]h ih]ehs_gb_f hlghkbl_evgh `_kldbo nhlhgh\ hklZevgZy
qZklv a gk ^bnnmabhggZy dhfihg_glZ ± ih]ehs_gbx [he__ fy]dbo
Ijbq_f \ ih^h[ghc kbkl_f_ fh`gh f_gylv khhlghr_gb_
^bnnmabhgghc b ^j_cnh\hc dhfihg_gl b iheh`_gb_ ]jZgbpu h[_^g_gghc
h[eZklb iml_f baf_g_gby gZijy`_gby kf_s_gby l_f kZfuf baf_gyy
ki_dljZevgu_ oZjZdl_jbklbdb ihehk j_]bkljZpbb
Jbk ? NhjfZ bfimevkZ lhdZ SLQ^bh^Z h[emqZ_fh]h KB ijb
mf_gvr_gghf gZijy`_gbb kf_s_gby
Jbk F Ij_^iheZ]Z_fZy kljmdlmjZ wdki_jbf_glZevgh hijh[h\Zggh]h SLQ
^bh^Z
Fh^_evguc wdki_jbf_gl ih ijbf_g_gbx fmevlbki_dljhahgZevgh]h
^_l_dlhjZ ^ey baf_j_gby ih]ehs_gby j_gl]_gh\kdh]h baemq_gby [ue hibkZg
\ur_ jbk
< wlhf wdki_jbf_gl_ dheebfbjh\Zguc imqhd KB ijhoh^be q_j_a
aZjy^ \aju\qZlh]h \_s_kl\Z kieZ\ ljhlbe]_dkh]_g b ^Ze__ ihklmiZe gZ
ijhkl_crbc fmevlbki_dljhahgZevguc ^_l_dlhj >Zgguc ^_l_dlhj khklhye
ba ieZklbgu dj_fgb_\h]h fbdjhkljbih\h]h ^_l_dlhjZ h[eZklv wg_j]bc
± dw< b jZaf_s_ggh]h aZ g_c h^bghqgh]h ]_jfZgb_\h]h ^_l_dlhjZ
± dw< k `_kldbf nbevljhfhkeZ[bl_e_f  ff $O ± ld *H ^_l_dlhj
[ue jZajZ[hlZg ^ey j_]bkljZpbb FMJJ b bf_e kebrdhf \ukhdmx
qm\kl\bl_evghklv
 
GZ jbk ijb\_^_gu aZj_]bkljbjh\Zggu_ aZ\bkbfhklb \_ebqbg
kb]gZeh\ ^_l_dlhjh\ hl \j_f_gb fhf_gl  khhl\_lkl\m_l bgbpbbjh\Zgbx
^_lhgZpbb aZjy^Z <b^gh qlh \ wlhc kbkl_f_ ]_jfZgb_\uc ^_l_dlhj
]jZnbd  ebg_cgh j_]bkljbjm_l \hegm k`Zlby gZ njhgl_ ^_lhgZpbb b
gZqZevgmx klZ^bx jZae_lZ gh ijZdlbq_kdb ©ke_ig_lª ijbf_jgh q_j_a
fdk GZijhlb\ ^ey fbdjhkljbih\h]h dj_fgb_\h]h ^_l_dlhjZ kb]gZe
]jZnbd  \ ahg_ k`Zlby fZeu gh hgb ohjhrh i_j_^Zxl ^bgZfbdm
dhe_[Zgbc h[jZah\Z\r_]hky ieZaf_ggh]h ©imaujyª
LZdbf h[jZahf ijh\_^_ggu_ wdki_jbf_glu iha\heyxl gZ^_ylvky qlh
ijbf_g_gb_ fmevlbki_dljhahgZevguo ^_l_dlhjh\ ijb bamq_gbb
[ukljhijhl_dZxsbo ijhp_kkh\ h[_ki_qbl j_]bkljZpbx \ wdki_jbf_gl_
^hihegbl_evgh]h h[t_fZ bgnhjfZpbb iha\hebl hp_gb\Zlv baf_g_gb_
ki_dljZ j_]bkljbjm_fh]h baemq_gby b mijhklbl ^Zevg_crmx bgl_jij_lZpbx
j_amevlZlh\ LZdb_ ^_l_dlhju fh]ml bkihevah\Zlvky b \ jy^_ ljZ^bpbhgguo
ijbeh`_gbc ± gZijbf_j \ f_^bpbgkdhc j_gl]_gh]jZnbb dZd j_]bkljZlhj
©p\_lguoª j_gl]_gh\kdbo bah[jZ`_gbc
>jm]bf \ZjbZglZf j_r_gby ijh[e_fu g_klZpbhgZjghklb ki_dljZ
y\eyxlky jZaebqgu_ fh^bnbdZpbb f_lh^bdb ijh\_^_gby wdki_jbf_glZ
< qZklghklb wlh bkihevah\Zgb_ iehkdh]h ©e_glhqgh]hª aZjy^Z <<
jZaf_sZ_fh]h lZd qlh [hdh\hc jZae_l ijh^mdlh\ ^_lhgZpbb \ l_q_gbb
g_dhlhjh]h gZqZevgh]h bgl_j\ZeZ \j_f_gb b^_l ij_bfms_kl\_ggh \^hev
imqdZ KB LZdbf h[jZahf dhebq_kl\h ih]ehsZxs_]h \_s_kl\Z ijb wlhf
hklZ_lky ijZdlbq_kdb g_baf_gguf b ki_dlj ijhr_^r_]h baemq_gby
f_gy_lky keZ[h b fh`_l [ulv \uqbke_g beb baf_j_g ^ey bkoh^gh]h aZjy^Z
<< Djhf_ lh]h gZ gZqZevghf bgl_j\Ze_ ijhp_kk jZae_lZ fh`_l [ulv
hibkZg dZd ^\mf_jgZy aZ^ZqZ qlh bgh]^Z fh`_l aZf_lgh mijhklblv
h[jZ[hldm j_amevlZlh\
J_]bkljbjm_fuc \ ^Zgghc ihklZgh\d_ kb]gZe FMJJ iha\hey_l
hp_gblv h[s__ dhebq_kl\h qZklbp aZ njhglhf ^_lhgZpbb ijb \aju\_
Ihemqblv dhebq_kl\_ggmx aZ\bkbfhklv qbkeZ b jZaf_jh\ qZklbp hl \j_f_gb
\hafh`gh ijb bkihevah\Zgbb fhghojhfZlbq_kdh]h baemq_gby G_h[oh^bfh
lZd`_ \f_klh h^gh]h ^_l_dlhjZ baemq_gby bkihevah\Zgb_ ebg_cdb beb
fZljbpu ^_l_dlhjh\ Kms_kl\_gguf h]jZgbq_gb_f ijh\_^_gby lZdbo
wdki_jbf_glh\ \ gZklhys__ \j_fy y\ey_lky g_ ^hklZlhqgZy bgl_gkb\ghklv
KB hl <WII H^gbf ba kihkh[h\ m\_ebq_gby bgl_gkb\ghklb y\ey_lky
mklZgh\dZ \b]]e_jZ k [he__ fhsgufb fZ]gblZfb JZkq_lu ihdZau\Zxl qlh
ijb bkihevah\Zgbb [he__ kbevguo fZ]gblguo ihe_c \ \b]]e_jZo <   L
bgl_gkb\ghklv baemq_gby j_gl]_gh\kdbo emq_c k wg_j]b_c  dw< \hajZklZ_l
gZ ihjy^hd jbk
< hibkZgguo \ur_ wdki_jbf_glZo \j_f_ggh_ jZaj_r_gb_
hij_^_ey_lky i_jbh^hf \jZs_gby we_dljhgh\ \ gZdhibl_evghf dhevp_ >ey
<WII wlh \j_fy khklZ\ey_l  gk < gZdhibl_e_ fh`_l gZoh^blvky ^\Z
k]mkldZ we_dljhgh\ [ZgqZ ± lh]^Z \j_fy f_`^m bfimevkZfb KB [m^_l
 gk >ey mkdhjbl_ey <WII \ gZklhys__ \j_fy \hafh`gh mklhcqb\h
\jZs_gb_ [Zgq_c k fbgbfZevguf \j_f_g_f f_`^m gbfb t   gk Ijb
kdhjhklb ^_lhgZpbb D   dfk wlhfm \j_f_gb khhl\_lkl\m_l ebg_cgh_
jZaj_r_gb_ X   fdf
?s_ h^bg kihkh[ m\_ebqblv ebg_cgh_ b \j_f_ggh_ jZaj_r_gb_
khklhbl \ bkihevah\Zgbb ijb[hjh\ k aZjy^h\hc k\yavx ebg_cguo b
fZljbqguo IAK AZibkZggZy \ gbo bgnhjfZpby kqblu\Z_lky \ :PI
ihke_^h\Zl_evgh ihwlhfm ijb ijh\_^_gbb wdki_jbf_glh\ ^hklZlhqgh bf_lv
lhevdh h^bg dZgZe j_]bkljZpbb H^gZdh lZdh_ ihke_^h\Zl_evgh_ kqblu\Zgb_
ijb\h^bl [hevrhfm h[s_fm \j_f_gb ihegh]h \u\h^Z bgnhjfZpbb k IAK
Wlh \j_fy khklZ\ey_l ihjy^dZ  ±  fk ihwlhfm aZ h^bg h[hjhl [ZgqZ
 gk kb]gZeu k dZ`^h]h we_f_glZ g_ fh]ml [ulv ijhqblZgu Ijhbkoh^bl
©gZeh`_gb_ª kb]gZeh\ b i_j_]jmadZ IAK
Wlh h]jZgbq_gb_ fh`gh h[hclb iml_f bkihevah\Zgby ©iZjZee_evghcª
ko_fu >@ Ih wlhc ko_f_ g_h[oh^bfh bkihevah\Zlv dhjj_dlhju
we_dljhggh]h imqdZ k \j_f_g_f \dexq_gby ihjy^dZ  gk Ihe_
dhjj_dlhjh\ baf_gy_l ljZ_dlhjbx we_dljhgh\ b ke_^h\Zl_evgh ±
iheh`_gb_ bklhqgbdZ KB Ijb khhl\_lkl\mxs_c xklbjh\d_ hl dZ`^h]h
we_dljhggh]h k]mkldZ baemq_gb_ fh`gh gZijZ\blv gZ k\hc ^_l_dlhj beb
IAK < j_amevlZl_ lh]h qlh j_]bkljZpbhggZy kbkl_fZ dZ`^h]h ^_l_dlhjZ
iheghklvx g_aZ\bkbfZ lj_[h\Zgb_ \ukhdh]h [ukljh^_ckl\by kbkl_fu
©^ZlqbdiZfylvª klZgh\blky g_ lZdbf `_kldbf dZd ijb bkihevah\Zgbb
h[uqghc ko_fu GZijbf_j \ dZq_kl\_ ^_l_dlhjZ fh`gh bkihevah\Zlv ^Z`_
nhlhie_gdm beb Image Plate
< gZklhys__ \j_fy gZ <WII ±  hljZ[hlZgZ kbkl_fZ ©m^Zjª dhlhjZy
iha\hey_l [ukljh \u\h^blv we_dljhgguc k]mklhd [Zgq ba klZpbhgZjghc
ljZ_dlhjbb gZ ≈  ff \\_jo < khklZ\ ©m^ZjZª lZd`_ \oh^bl _s_ h^bg
dhjj_dlhj ^_ne_dlhj dhlhjuc iha\hey_l \ha\jZsZlv [Zgq ba
\ha[m`^_ggh]h khklhygby gZ hkgh\gmx hj[blm ?keb l_i_jv mklZgh\blv
fZljbqguc beb ebg_cguc IAK \^hev aZjy^Z << lZd qlh baemq_gb_ ihiZ^Z_l
gZ g_]h lhevdh ijb kf_s_gbb [ZgqZ lh fh`gh ihemqblv f]gh\_ggh_
jZkij_^_e_gb_ iehlghklb k ebg_cguf jZaj_r_gb_f dhlhjh_ hij_^_ey_lky
jZaf_jhf yq_cdb IAK >@
 
Ijb jZaf_j_ yq_cdb  fdf b kdhjhklb ^_lhgZpbb D   dfk
\j_f_ggh_ jZaj_r_gb_ khklZ\bl  gk GZ jbk ihdZaZg \ZjbZgl mklZgh\db
fZljbqgh]h IAK Ijb kf_s_gbb iheh`_gby bklhqgbdZ KB  aZibkv
kb]gZeh\ ijhba\h^blky gZ fZljbpm  < j_amevlZl_ gZ kljhd_ 
j_]bkljbjm_lky jZkij_^_e_gb_ iehlghklb gZ kljhd_  ± kb]gZe FMJJ
Jbk  Ko_fZ ijh\_^_gby wdki_jbf_glh\ k ©m^Zjhfª  ± aZjy^ <<  ±
iheh`_gb_ njhglZ ^_lhgZpbhgghc \hegu  ± jZae_lZxsb_ky ijh^mdlu
^_lhgZpbb  ± fZljbqguc IAK  ± aZibkv ijhoh^ys_]h baemq_gby  ±
aZibkv kb]gZeZ FMJJ  ± aZibkv ^bnjZ]bjh\Zggh]h kb]gZeZ  ±
gZijZ\e_gb_ hkgh\gh]h imqdZ KB  ± rbjfZ aZdju\ZxsZy hkgh\ghc imqhd
KB  ± \u\_^_gguc ©m^Zjhfª imqhd KB
Ijb bkihevah\Zgbb \ukhdhqm\kl\bl_evguo fZljbqguo IAK
jZ[hlZxsbo \ j_`bf_ j_gl]_gh\kdbo ki_dljhf_ljh\ \hafh`gh \ fhf_gl
©m^ZjZª ihemqblv ^ey ehdZevghc h[eZklb aZjy^Z ijhkljZgkl\_ggh_
jZkij_^_e_gb_ ^bnjZ]bjh\Zgguo nhlhgh\ k h^gh\j_f_gguf hij_^_e_gb_f
bo wg_j]bc Wlh iha\hebl hij_^_eylv f]gh\_ggu_ kljmdlmju b
dhgp_gljZpbb djbklZeebq_kdbo \dexq_gbc \ wlhc h[eZklb
>jm]bf kihkh[hf j_]bkljZpbb ^bnjZdpbhgguo kb]gZeh\ y\ey_lky
bkihevah\Zgb_ bgl_]jbjmxsbo ^_l_dlhjh\ [hevrhc iehsZ^b k \ukhdbf
\j_f_gguf jZaj_r_gb_f Ijb wlhf kb]gZeu ^bnjZdpbb j_]bkljbjmxlky
ijb dZ`^hf ijhoh`^_gbb [ZgqZ ZgZeh]bqgh kb]gZeZf FMJJ \ ijh\_^_gguo
wdki_jbf_glZo
J_]bkljZpby j_gl]_gh\kdh]h jZkk_ygby gZ [hevrb_ m]eu iha\hebl
bkke_^h\Zlv jZajmr_gb_ b h[jZah\Zgb_ jZaebqguo djbklZeebq_kdbo
\dexq_gbc ieZ\e_gb_ b bkiZj_gb_ djbklZeeh\ << b f_lZeebq_kdbo qZklbp
djbklZeebaZpbx l\_j^uo hdkb^h\ l^ Djhf_ lh]h aZibkv dZjlbgu
^bnjZdpbb k ^hklZlhqguf jZaj_r_gb_f ih m]em b ih wg_j]bb j_gl]_gh\kdbo
d\Zglh\ ihfh`_l b^_glbnbpbjh\Zlv jZaebqgu_ djbklZeebq_kdb_ nZau b
hij_^_eblv bo khklhygb_ ^Z\e_gb_ l_fi_jZlmjm jZaf_ju qZklbp
H^gh\j_f_ggh_ baf_j_gb_ iehlghklb b ^Z\e_gby h[_ki_qbl ihemq_gb_
m^Zjghc Z^bZ[Zlu \_s_kl\Z aZ h^bg wdki_jbf_gl
Ijb gZebqbb \ khklZ\_ << we_f_glh\ kj_^g_c qZklb i_jbh^bq_kdhc
lZ[ebpu gZ ^bnjZ]bjh\Zggh_ baemq_gb_ [m^_l gZeh`_gh hlghkbl_evgh
bahljhigh_ j_gl]_ghnexhj_kp_glgh_ baemq_gb_ Hgh ijZdlbq_kdb g_
qm\kl\bl_evgh d obfbq_kdhfm khklhygbx i_j_baemqZxs_]h we_f_glZ b
fh`_l [ulv bkihevah\Zgh ^ey hij_^_e_gby ^bgZfbdb ^\b`_gby jZaebqguo
\dexq_gbc \ lq ijb \\_^_gbb f_lhd ± ^ey hij_^_e_gbb fZkkh\uo
kdhjhkl_c
=eZ\guf h]jZgbq_gb_f gZ ijh\_^_gb_ lZdbo wdki_jbf_glh\ \
gZklhys__ \j_fy y\ey_lky g_^hklZlhqgZy bgl_gkb\ghklv ^bnjZ]bjh\Zggh]h
baemq_gby Wlh h]jZgbq_gb_ fh`gh h[hclb bkihevah\Zgb_f [he__ fhsguo
bklhqgbdh\ KB
AZdexq_gb_
:\lhju hl^Zxl k_[_ hlq_l qlh baeh`_ggu_ \ur_ wdki_jbf_glu \h
fgh]hf bf_xl dZq_kl\_gguc oZjZdl_j L_f g_ f_g__ hgb \i_j\u_ \ fbj_
iha\hebeb ijhgbdgmlv \h njhgl ^_lhgZpbhgghc \hegu ihemqblv
g_hp_gbfmx bgnhjfZpbx b ^Zeb \hafh`ghklv ijh^_fhgkljbjh\Zlv
\hafh`ghklb KB ^ey bkke_^h\Zgby ^_lhgZpbhgguo b m^Zjgh \hegh\uo
ijhp_kkh\ Ykgh qlh bkke_^h\Zgby k ijbf_g_gb_f KB g_ k\h^ylky lhevdh d
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